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CHAPTER I 
 
 
 
INTRODUCTION 
 
Humans acquire a large portion of nutrition directly or indirectly from plants. Plants 
are affected by environmental conditions. Adverse environmental factors, for example 
drought, high temperature, salinity, heavy metals and mechanical stresses are all great 
challenges to plants. It was calculated from data assembled by the U.S. Department of 
Agriculture (Boyer, 1982) that 44.9 percent of U.S. arable area suffers from water-deficit, 
and 16.5 and 15.7 percent of soils are too wet or cold. Saline soil, alkaline soil and soil-
less areas take up another 7.4 percent. Only 12.1 percent of the land surface is free of 
unfavorable factors. Heat stress, where temperatures are high enough for sufficient time 
to cause irreversible damage to plant function or development, is also a major stress 
factor limiting crop yield. In sum, research focused on understanding plants’ mechanisms 
in responding to environmental stress, including heat stress, is of great significance and 
has the potential to help improve agricultural practices and greatly benefit world 
agriculture. 
1.1 Factors affecting plant response to high temperature 
The extent of the injuries caused by high temperature depends on the type of crop, 
stage of growth, the tissue exposed to heat, and the existence of other adverse factors. It 
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is logical that crops grown in tropic areas are much more adaptable to high temperature 
than temperate plants. Al-Khatib and Paulsen (1999) compared the heat responses among 
various species and found that photosystem II in wheat, a cool season species, is more 
sensitive to heat than that of rice and pearl millet. This discovery can at least partially 
explain why warm season species are more stable under higher temperatures in respect to 
CO2 fixation. Moreover, effects of heat stress vary even within one species of crop. Some 
developmental stages, such as the periods of pollen development, are more susceptible to 
heat than others. A marked loss of yield and quality can occur when plants suffer from 
heat stress during the pollen development period, even though temperatures during the 
rest of the life cycle are optimum. It is true that injuries may occur throughout the entire 
life of a plant, but those stages of growth that are crucial for yield and quality are more 
important for applied research. 
The timing and duration of heat stress is also of great fundamental importance. This 
can be revealed in terms of its relation with growth resumption. The longer the heat 
duration, the longer total time the resumption needs. Death can occur if the high 
temperature maintains long enough (Hilbrig, 1900). Also, exposure time is exponentially 
related with the killing temperature, which had been demonstrated as a linear relationship 
between the log of heat-killing rate and the increase of temperature in Arrhenius plots 
(Aleksandrov, 1964).  
Other kinds of stresses, such as drought and ultraviolet irradiation, can be associated 
with heat stress and cause much worse injuries; even much more severe than the additive 
result of separate ones. It was reported by Al-Khatib and Paulsen in 1990 that 
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photosynthesis was reduced more rapidly and greatly when treated with high air 
temperature and high irradiance simultaneously than separately. 
1.2 Terminology and classification 
A relative standard of high temperature is necessary to be established for 
comparative studies, although there are no absolute values for all plants. Levitt (1980) 
dynamically considered different defense systems existing in different crops and defined 
the term high temperature. The temperatures above 50°C were called lethal temperatures, 
under which death may occur in most crops if the exposure time duration is long enough. 
The range of 15-32 °C was termed as moderately high temperatures and the range of 32-
50 °C was regarded as very high temperature, which are commonly occurring in world’s 
major crop regions.    
Moderate and extreme injuries are termed according to their different intensity. The 
acute and chronic injuries are based on the time factor. The acute injury, induced by the 
killing temperature referred to before, can cause irreversible injury in a short period of 
time. In contrast, chronic injury results from a gradual heating process at more moderate 
temperatures and the injuries can be repaired. The mechanism in each type of injury is 
discussed below. 
1.3 Injury mechanisms 
1.3.1 Chronic injury 
1.3.1.1 Imbalances between metabolic pathways: photosynthesis/respiration 
Photosynthesis is the process whereby plants absorb solar energy and assimilate 
carbohydrates, while the respiration process consumes sugars and releases the energy. At 
normal conditions, there is a balance between these two processes, which guarantees the 
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normal growth and development of plants. The two processes are differentially affected 
by heat. The temperature compensation point is defined as the temperature at which 
respiration and photosynthesis have equal rates (Levitt, 1980). Consumption will be 
greater than assimilation in plants when the temperature is higher than the compensation 
point. If the duration of heat stress is long enough, starvation and death will occur, caused 
by the depletion of the plant’s reserves. 
1.3.1.2 Secondary stresses 
Heat can be accompanied by other kinds of abiotic stresses such as water deficit and 
ultraviolet irradiation. Drought is commonly such a stress, which mainly results from the 
sharp increase of transpiration induced by high temperatures. A 5 °C increase of leaf 
temperature can double the gradient of vapor pressure between the leaf and the 
atmosphere (Curtis, 1936), one of the major forces promoting transpiration. Besides, 
transpiration can be directly increased by the environmental temperature. Therefore, the 
balance of water input and output can be disrupted and water deficit occurs (Levitt, 
1980).  However, the release of heat can be further limited due to the water deficiency. 
Stoma is formed by a pair of guard cells located in the leaf epidermis. Guard cells 
regulate the opening and closure of the stoma by adjusting their shape according to the 
turgor pressure. In the case of water deficiency, turgor pressure in guard cells will 
decrease, which will lead them to shrink and to be drawn together from the swelling state 
of bowing apart from one another. Therefore, the stoma is closed and the temperature of 
the tissue will increase due to the failure of heat release through the process of 
transpiration. 
1.3.2 Acute injury 
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1.3.2.1 Membranes  
Membranes are found to be a site of heat injury by observation using light and 
electron microscopes. Membrane integrity will be damaged and the permeability to 
solutes and ions can be changed by heat (Burke and Orzech, 1988). Bernstam and Arndt 
(1973) detected that substances leaked from myxomycete membranes under continuously 
rising temperature and found that those substances were specific under different 
temperatures and durations. As temperature rises, plasmodial pigments leak first, 
followed by nucleic acids and protein metabolites. They also found that the rate of 
leakage increases as the temperatures rise. Base on those results, Levitt (1980) concluded 
that membrane leakage is the first true sign of injury. The mechanism of leakiness can be 
the physical disruption of membrane structure, damage to membrane transport systems, 
or phase transitions in membrane lipids. The mobility of membrane lipids will increase as 
the temperature rises. Hyper-fluidity of lipids can result in the destruction of the lipid 
layer (Levitt, 1980). Also, membranes such as chloroplast thylakoid membrane and 
mitochondria membrane, two of the most heat-susceptible components in cells, would 
leak after lipid oxidization by ROS (see next section). A much worse effect caused by the 
leakage is that it changes redox potential between major cellular compartments, which is 
the force to maintain the order of their components, such as proteins, nucleic acid and 
membrane lipids. The changed redox potential can mix those components, impair 
metabolic processes and even cause cell death (Klueva et al., 2001). 
1.3.2.2 AOS/ROS lipid peroxidation 
Reactive or activated oxygen species (ROS/AOS), including oxygen ions, free 
radicals and peroxides, are of high reactivity and play an important role in cell structure 
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and signaling. Free radicals, atoms or small molecules with unpaired electrons in the 
valence shell are common ROS/AOS. Their levels can be much higher when plants suffer 
from stresses, resulting in the so-called oxidative stress. Oxidative damage is considered 
to be one of the major damaging factors induced by heat stress. Yeast exposed to severe 
high temperature will die mainly due to oxidative damage to its cell (Davidson et al., 
1996). In plants, the process of photoinhibition induced by heat is caused by ROS. There 
is a balance between the solar energy captured by pigments and reducing power 
transported through photosynthetic cytochromes at normal state. Heat shock disrupts the 
coupling of electron transport and the balance of energy. The excess energy can flow to 
molecular oxygen, producing and accumulating ROS, commonly in chloroplast and 
mitochondria, two major locations where electron transportation takes place. The most 
heat-susceptible component in chloroplasts is the PSII complex (Schuster et al., 1988; 
Burke, 1990). Heat induces change in its composition and disaggregation of its functional 
components (Suss and Yordanov, 1986), resulting in imbalance of electron transport and 
the accumulation of ROS. 
1.3.2.3. Protein Denaturation 
Proteins can be denatured when exposed to heat stress, which is considered to be one 
of the earliest explanations of heat injury (Levitt, 1980). The process of denaturation 
consists of several steps, beginning with the formation of reversible unfolding 
intermediates, leading to irreversible structural changes as the temperature or duration of 
exposure increases, eventually resulting in protein aggregation and loss of solubility 
(Levitt, 1980). Heat damages protein by disturbing the hydrophobic strength and 
hydrogen bonds between or within the subunits, which are the main forces to maintain 
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the structure of protein. Under heat treatment, the conformational entropy increases 
rapidly, even much faster than the rising of the hydrophobic strength, resulting in damage 
to hydrophobic bonds followed by disruption of tertiary structure of protein, which is 
mainly held by hydrophobic strength (Brandt, 1967). It is reported that hydrogen bonds 
are broken even earlier than the breakup of hydrophobic interaction, which leads to 
disruption of the secondary and tertiary structure held by hydrogen bonds (Boyarchuk 
and Vol’kenshein, 1967).  
Heat can increase the degradation rate and inhibit activity of enzymes for many 
essential cellular processes (Klueva et al., 2001). Many enzymes are thermolabile. For 
example, rubisco activase, a key enzyme in photosynthetic carbon fixation, is particularly 
susceptible to high temperature inactivation (Eckardt and Portis, 1997). In another 
example, starch accumulation in wheat grain is greatly reduced by the inhibition of 
soluble-starch synthase induced by heat (Rijven, 1986). The activity of Cu/Zn SOD in 
maize seedlings is rapidly decreased when the temperature is above 35 ºC, 25 ºC higher 
than the optimum temperature (Burke and Oliver, 1992).  
1.4 Acclimation responses 
1.4.1 Membrane stabilization 
Membranes are highly susceptible to heat shock because various enzymes for 
essential cell processes such as photosynthesis and respiration are concentrated on and in 
them. It is hypothesized that membranes can maintain their stability under high 
temperature by changing their composition and interacting with protective substances 
(Klueva et al., 2001). However, whether and how the modification of composition can 
protect the membrane function is still under discussion. It is reported that the increase of 
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digalactosyl diacylglycerol content in thylakoid membrane decreases the ratio of 
monogalactosyl diacylglycerol to digalactosyl diacylglycerol and can stabilize the 
membrane. In an experiment using cyanobacterium mutants with polyunsaturated lipid 
membranes, the extent of thermostability induced by the composition of membrane was 
very small, which indicates that the saturation of membrane lipids may be unrelated to 
membrane’s thermotolerance (Gombos et al., 1994).  
1.4.2 AOS/ROS defense 
In order to limit oxidative damage under stress conditions, plants have developed a 
series of detoxification systems that break down the highly toxic ROS. Plants protect 
cellular and sub-cellular systems from the cytotoxic effects of ROS using antioxidant 
enzymes such as superoxide dismutase (SOD), catalase, ascorbate peroxidase, 
cytochrome peroxidase, glutathione reductase and metabolites like glutathione, ascorbic 
acid, α-tocopherol and carotenoids. Many experiments provide evidence for antioxidant’s 
function in improving thermostability. Yeast mutants that lack genes for catalase, SOD 
and cytochrome peroxidase are more sensitive to heat shock than the wild type cells 
(Davidson et al., 1996). In tobacco mutants with high expression of catalase, the 
photosynthetic activity is much better protected under heat stress than in the wild type 
(Willekens et al., 1995). Because antioxidants are a very important component in plant’s 
defense system under heat shock, more studies are still needed (Klueva et al., 2001).   
1.4.3 Protein stabilization 
Molecular chaperones are defined as proteins assisting the folding and the assembly 
of other macromolecules without occurring in their structures. Heat shock proteins 
(HSPs) are common molecular chaperones and have long been expected to play a role in 
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increasing thermotolerance since they were first discovered by Ritossa (1962). HSP 
accumulation was detected in soybean, barley, wheat, maize and cotton during their 
thermotolerance development induced by heat shock (Lin et al., 1984; Marmiroli et al., 
1996; Nguyen, 1994).  
HSPs are helped by HSP cognate proteins, which have structural homology with their 
correlated HSPs at normal temperature. HSPs consist of various families, each of which 
has a specific function. For example, HSP70 can increase the acquired thermotolerance in 
plants but has no effects on improving the inherent thermostability (Lee and Schoffl, 
1996). HSP70 is indicated to be the rate-limiting factor in acquiring thermostability of 
Drosophila by comparing mutants with higher level of HSP70 expression and the normal 
embryos (Welte et al., 1993). HSP104 can promote disaggregation of proteins misfolded 
or denatured by heat (Vogel et al., 1995). HSP27 has a close connection with the 
antioxidant activity. HSP27 can increase the content of glutathione and reduce the level 
of ROS in murine cells (Mehlen et al., 1996). However, some HSP families have no 
effect shown in experiments. Yeast mutants without normal levels of HSP30 have no 
functional deficiency observed when compared with the wild-type strain (Smith and 
Yaffe, 1991).  
1.4.4 Chemical chaperone 
In previous research, Back and colleagues (1979) found that sugars and polyols can 
help stabilize proteins against heat denaturation. The extent of stabilization by different 
sugars and polyols is related to their different impacts on the structure of water. Later, 
more additives, such as L-proline, L-serine, γ-aminobutyric acid, sarcosine, taurine, α-
alanine, β-alanine, glycine, betaine, and trimethylamine N-oxide were reported by 
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Arakawa and Timasheff (1985) to stabilize protein structure under heat stress, yet avoid 
direct binding to protein molecules. 
In a series of studies conducted by Timasheff and co-workers, 2-methyl-2, 4-
pentanediol (Pittz and Timasheff, 1978), sugars (Lee et al., 1975), salts (Arakawa and 
Timasheff, 1982), glycerol (Gekko and Timasheff, 1981), glycine, α-alanine and β-
alanine (Arakawa and Timasheff, 1983) were tested as protein stabilizers.  Preferential 
hydration of protein in the protein-water-cosolvent system was reported (2002) to 
account for the structural stabilization of protein. The addition of these protein stabilizers, 
which increase the surface tension of water by increasing the chemical potential of 
protein, further induces the preferential exclusion of cosolvents from protein surfaces and 
the preferential binding of water molecules by proteins. Interacting loci are sites on 
protein surfaces where water and solvent components exchange. Preferential interaction 
includes preferential hydration and preferential binding of ligand, which are termed in 
terms of their relative affinities with interacting loci. When the affinity between water 
molecules and interacting loci is greater than that with the ligand, the excess of water 
binds to the protein domain, which is termed as the preferential hydration or the 
preferential exclusion of ligand. On the contrary, if the relative affinity between 
interacting loci and ligand is greater, the preferential binding of ligand can occur. In 
terms of thermodynamics, preferential binding is quantitatively equal to the 
thermodynamic binding. When stabilizers are added, the interaction between the 
cosolvent and protein is unfavorable due to the increase of the system free energy, and 
preferential exclusion of cosolvent and preferential hydration can be induced.       
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Timasheff’s ideas on protein-solvent-cosolvent interactions receive additional support 
from studies using other systems. Trimethylamine N-oxide (TMAO) was reported to 
protect chymotrypsin inhibitor 2 against unfolding induced by urea (Bennion et al., 
2004). Urea denatures protein by facilitating the hydrophobic side-chain exposure as well 
as interacting with the main chain. TMAO can stabilize protein structure by ordering the 
structure of solvent. Sandwich structure was observed between TMAO and water 
molecules, by which water-water H-bonds in the hydration layer can be strengthened and 
water-denatured protein and urea-protein interactions can be discouraged. In this way, a 
hydration layer on the surface of protein occurs and the folded state can be stabilized. 
Many studies focusing on the composition of the cosolvent solution have been 
conducted.  Sarcosine, glycine betaine and trimethylamine N-oxide were reported to be 
able to protect the active and native conformation of α1-antitrypsin at elevated 
temperatures in a concentration-dependent manner. High temperature can induce a partial 
unfolding state of α1-antitrysin, resulting in the increase of the exposure of its peptide 
backbones, which cannot interact favorably with the addition of those osmolytes. 
However, the free energy decreases with this addition, which can force proteins to 
sequester and maintain a folded and a more compact state. In this solvophobic manner, 
α1-antitrysin’s conversion to its intermediate state and the following polymerization can 
be hindered and the native state is stabilized. However, the effect of aiding correct 
refolding has not been demonstrated (Chow et al., 2001). Another example of 
concentration-dependent protection was revealed by Ganea in 2005. High concentration 
of trehalose and 6-aminohexanoic acid (AHA) helps maintain the activity of glucose-6-
phosphate dehydrogenase (G6PD) against glycation-induced inactivation. They can also 
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help restore the activity; however, the reactivation effect is less efficient than its 
stabilization effect, due to irreversible processes. Both protection effects by those 
osmolyte stabilizers exhibited during the folding and refolding processes show a non-
specific manner. The unfolded state of protein has high free energy that is 
thermodynamically unflavored. The addition of osmolytes lowers the system’s free 
energy and drives the folding of the denatured proteins. However, if a protein’s native 
conformation is less thermodynamically stable than its misfolded state, osmolyte 
stabilizers may have no effective function in helping proteins refold correctly. 
However, dimethylsulfoxide, glycerol, proline and sucrose are reported to provide 
effective protection for proteins not only from the inhibition of aggregation, but also help 
the refolding of protein’s denatured state in a concentration-dependent way (Kim et al., 
2006). All of those osmolytes can help reduce the exposure of the protein’s hydrophobic 
core, but their efficiencies are different. Glycerol was detected to provide the best 
stabilizing and refolding aid for aminoacylase. 
A significant connection between stabilizing effects of chemical chaperones and their 
physical properties has been established. However, studies using different, single proteins 
to assay chemical chaperone effects are not always in agreement.  This can be explained 
based on the large range of physical properties found in different proteins.  One way to 
address this difficulty is to use a complex mixture of proteins that represents an average 
of the properties of individual proteins. In a study of pepper leaf thermostability, the 
relationships between heat stability and leaf extract concentration, buffer pH, chelating 
agent, nonionic detergent and calcium were established (Anderson, 2006).The 
thermostability of leaf extracts decreases with its increasing concentrations. High 
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concentrations of pepper leaf protein generate more opportunities for intermolecular 
interactions between protein molecules during high temperature denaturation. The pH can 
affect the thermostability by adjusting the ionization state of protein side chains, or 
changing their conformation and electrostatic potential. Fixed ions on the surface of 
protein molecules provide electrostatic repelling forces, by which the solubility can be 
maintained and aggregation can be hindered. Ethylenediaminetetraacetic acid (EDTA), a 
chelating agent, was reported to have a small effect in stabilizing proteins over the 
examined concentration range. In 2007, Anderson focused on chaperone properties such 
as molecular weight, polarity and hydrogen bond capacity. Through evaluation of various 
classes of cosolvents differing in properties such as polarity, OH density and molecular 
weight, it was found that alcohols and polyols can not only have stabilizing or 
destabilizing effects, but also that those effects are additive. These findings were 
consistent with chemical chaperone effects on the overall free energy change resulting 
from the substitution of solvent with cosolvent in the protein-solvent-cosolvent system. 
To demonstrate the effect of molecular weight, ethylene glycol, methanol, glycerol and 
mannitol were selected as a series of chemical compounds which have different 
molecular weight but a fixed carbon atom to OH group ratio. Thermostability, based on 
the maximum apparent absorbance temperature at 540 nm, increased with increasing 
molecular weight. Similar results were observed by Davis-Searles and co-workers in 
2001 in the study to assess the stabilization of horse heart ferricytochrome c by 
osmolytes. By detecting the free energy change associated with the reaction from the 
folded and the unfolded state of the protein in the presence of osmolyte, they found that 
polyol osmolytes was able to stabilize proteins and their stabilizing effects were a 
13 
 
function of both the polyol concentration and molecular size. The OH group density, 
which reveals the hydrogen bond capacity of the compounds, is another property of 
interest. Compounds with a range in number of OH groups but with the same number of 
carbon atoms (n-propyl alcohol, propylene glycol and glycerol), or a different number of 
carbon atoms with fixed OH groups (methanol, ethanol, propanol and butanol) were 
chosen for study and chemicals with a higher ratio of OH groups to carbon atoms 
exhibited a higher temperature at the apparent absorbance maximum, which was 
attributed to the higher polarity contributed by OH groups. Anderson then evaluated 
mannitol, glycerol, ethylene glycol, propylene glycol and methanol at concentrations 
yielding the same OH density but different polarity and found that the more hydrophilic 
the compounds, the greater they stabilized protein under heat treatment. A linear 
relationship was reported between the maximum apparent absorbance temperature and 
OH group density or polarity indicated by log Kow (oil/water partition coefficient). More 
interestingly, when the stabilizing compounds were mixed together, the effect of 
stabilizing is also additive and the effect can be canceled out when mixing stabilizing and 
destabilizing compounds. Many researchers are also interested in the combination effect 
of cosolvents. Similar studies were conducted by Biar and McClements (2003). They 
reported that a combination of NaCl and sucrose can protect proteins from gelation 
induced by high temperature, although they have different stabilizing mechanisms. In 
2006, the same authors used a mixture of glycerol and sucrose, both of which are protein 
stabilizers, to treat bovine serum albumin (BSA) under heat stress and found that the 
thermostability of BSA increased but the net increase varied with the ratio of these two 
additives. 
14 
 
1.4.5 Detergents 
Based on the charge on the head group of surfactant molecules, surfactants can be 
divided into four categories: nonionic surfactants with no charge, cationic surfactants that 
are positively charged, negatively charged anionic surfactants, and zwitterions containing 
oppositely charged groups. Ionic surfactants are commonly used as the denaturant for 
proteins. The denaturing activity is influenced by pH and ionic strength of the system. 
However, nonionic detergent can maintain the protein’s structure and function due to its 
neutral charges but may lower the activity of proteins in the process of protein separation. 
Zwitterionic detergents combine the features of ionic and nonionic ones. They are less 
likely to denature proteins than ionic ones but can be more efficient than nonionic 
detergents in disrupting the protein-protein bond. The charge of detergent plays a 
determining role in the interactions between enzyme and surfactant. In the research 
conducted by Yang et al. (2007), the activity and stability of mushroom tyrosinase were 
tested in the presence of cationic CTAB, anionic sodium di-2-ethylhexylsulfosuccinate 
(Aerosol OT, AOT) and nonionic Brij 52. Both AOT and Brij52 contributed to a higher 
value of Vmax/Km, suggesting enhanced activity of that enzyme. However, CTAB 
increased the value of Km, resulting in a decrease in the Vmax/Km ratio, showing an 
inhibitory effect on its activity. Thermostability was also tested. Brij 52 was found to 
stabilize mushroom tyrosinase, even at a higher temperature. Aerosol OT can moderately 
stabilize the enzyme. Mushroom tyrosinase showed the least stable effect in the presence 
of CTAB. 
 Not limited to the electrostatic interactions referred above, the hydrophobic 
interactions between the alkyl chains of surfactant molecules and hydrophobic pockets of 
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protein should also be put into consideration to interpret the effect of detergent-protein 
interactions (Savelli et al., 2000). The hydrophobic/hydrophilic balance of the surfactant 
molecule was suggested as a significant factor in explaining the interaction between 
sulfobetaines, zwitterionic detergents and β-lactamase (Spreti et al., 2001). In addition, 
the environment of the enzyme-surfactant complex is another significant factor. The pH 
and ionic strength of the media can determine how surfactant acts when bound with 
enzyme molecules, which was revealed by Yang (2007). Mushroom tyrosinase, whose 
isoelectric point is at 4.8, is negatively charged in a pH 6.0 surrounding adjusted by Tris 
buffer. The addition of AOT, which can bring in the positive sodium, can greatly increase 
the ionic strength and enhance its interaction with enzyme molecule. Therefore, the 
interaction is specific for each surfactant-enzyme combination. It is hard to have a precise 
predication using a rationale up to now.  
Several parameters that can indicate the behavior of detergent include critical micellar 
concentration (cmc), aggregation number, average micelle molecular weight, critical 
micelle temperature, cloud point and hydrophile-lipophile balance number. Micelle 
structure is formed at concentrations of detergent above its cmc. Due to the hydrophilic 
heads and hydrophobic tails of the surfactant molecules, micelle structure features a 
hydrophilic surface and hydrophobic core in aqueous solution. Micelle structure lowers 
the free energy of the system and is thermodynamically favored at higher concentrations. 
The value of cmc indicates the ability to form the micellar structures and varies with 
different types of detergents. Critical micellar concentrations may also vary with different 
measurement techniques and different pH and electrolyte environment. Aggregation 
number (N) is the average number of monomers per micelle. It is a parameter to 
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determine the micelle size and varies widely among detergents (Table 1).  For example, 
the aggregation number for sodium glycocholate, N-Lauroylsarcosine, and Sodium 
cholate is 2 while for Triton X100 it is 100-155 (Anonymous, 2008). Aggregation 
number can be increased by a larger concentration of detergent due to some micelles 
exhibiting growth in a concentration-dependent manner when detergent concentration is 
above the cmc. Another parameter related to micelle size is the average micelle molecular 
weight, which can be calculated by multiplying the aggregation number by monomer 
molecular weight. In the process of protein-detergent separation, detergents with a 
smaller micelle molecular weight value can be easily removed and result in a better 
separation. A surfactant solution above the cmc is a complex consisting of micelles, free 
surfactant molecules and hydrated crystals. Critical micelle temperature (cmt) is the 
temperature at which detergent solution changes into an isotropic micellar state from the 
hydrated crystalline state (Neugebauer, 1990). Krafft temperature or Krafft point is the 
temperature at cmc where the monomers, hydrated crystals and micelles are in 
equilibrium (Englebienne, 1999).Cloud point (CP) phenomenon occurs at elevated 
temperatures which can induce the dehydration and a phase separation.  A rich phase and 
a poor phase are formed at CP, the temperature triggering the phase separation.  The rich 
phase, where giant micelles gather as temperature increases, has a smaller volume, while 
the surfactant monomers are located in the poor phase, at a concentration near the cmc, 
which is much smaller than the micelle’s rich phase. Cloud point values vary based on 
different detergents, for example, the CP for Triton X100 is 65 ºC, for Tween 20 it is 76 
ºC and for SDS and  CHAPS it is over 100 ºC (Anonymous, 2008). Cloud point is 
dependent on the properties and concentration of surfactants and electrolytes. Cloud point 
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has been used in efficient extraction procedures. For example, cobalt which was 
dissolved in surfactant medium was concentrated by separating the surfactant rich phase 
from the solution when temperature was above the cloud point (Nascentes, 2003). 
Hydrophile-lipophile balance number (HLB) can indicate the hydrophilicity of the 
detergent.  
 
Table 1.  Categories and properties of common detergents (Anonymous, 2008) 
 Nonionic detergent Anionic detergent Cationic Zwitterionic 
 Tween 20 
Triton X 
100 Brij 35 SDS 
Sodium 
deoxycholate CTAB CHAPS
N-Dodecyl-
N,N-
dimethyl-3-
ammonio-1-
propanesulfo
nate 
CMC 
(mM)* 0.06 0.2-0.9 91µM 7-10 2-6 1 6 2-4 
Aggregation 
number 
---- 
 100-155 20-40 62 3-12 170 10 55 
HLB 16.7 13.5 16.9 40 16 ----  ---- 
Cloud Point 
(ºC) 76 65 >100 >100 ---- ---- >100 ---- 
Average 
Micellar  
Wt. 
---- 80,000 48,000 18,000 1,200-5,000 62,000 6,150 18,500 
*CMC in water at 20-25 ºC 
 
Different modes of micelle formation can be predicted by the packing parameter (P). 
Packing parameter is the ratio of V0 to a0l0, where V0 and l0 represent the volume and 
length of the hydrophobic tail of a surfactant molecule, and a0 is the area of its 
hydrophilic head (Israelachvili et al., 1975). The concept of packing parameter is used to 
predict the relationship between molecular structure of surfactant monomers and their 
assembly modes. It is determined by the surface free energy of micelles and can indicate 
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the most favorable and probable structure surfactants form at moderate concentrations. 
For example, if the p value is smaller than 1/3, spherical micelles are the most probable 
structures. If the value is between 1/3 and 1/2, such as CTAB, cylindrical micelles can be 
predicted with high probability (Israelachvili et al., 1975). However, cylindrical micelles, 
spherical micelles and inverted micelles can co-exist in the same detergent solution. 
Otzen (2002) found a phase variety during protein unfolding at different 
concentrations of SDS. He proposed two modes of denaturation of the monomeric protein 
S6 by SDS at concentrations above the cmc. At concentrations slightly above the cmc, 
spherical micelles can be formed and the unfolding rate increased in a ligand-binding 
manner, which can be saturated. As the concentration is continuously increased, the 
proportion of cylindrical micelles increases due to the aggregation of spherical micelles. 
The unfolding rate of S6 increases in a power-law manner, which is concentration 
dependent and can help micelles bind tightly at protein site in their transition state of 
denaturation. The cylindrical micelle can also be induced by high content of NaCl.   
 The interactions between micelles are a topic of interest. In a nonionic surfactant 
system, the major interactions between micelles are van der Waals attractive forces 
(Hayter and Zulauf, 1982), which can be weakened by high temperatures. However, the 
interactions between charged micelles in an ionic system contain the electronic repulsion 
forces and the solvation effect besides the van der Waals forces, which is more 
complicated. Kumar and his coworkers (2000) tested the cloud points under different 
SDS concentrations in addition with a series of organic additives and found that the alkyl 
chains of the organic compounds can be partially embedded in the micelle core due to 
hydrophobic effects but the rest of the chains that are left outside the micelle can further 
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interact with other alkyl chains which are attached to a different micelle. Such 
interactions bring micelles closer and add a new attractive force. This force can be 
increased by choosing an organic additive with a longer alkyl chain, increasing the 
concentration of additives, or lowering the concentration of detergent. This conclusion 
was confirmed by Musarat in 2007 with Triton X100 and mixed systems using cationic 
and anionic surfactants.  
1.4.5.1 Ionic Detergent 
1.4.5.1.1 Anionic Detergent: Sodium Dodecyl Sulfate 
Sodium dodecyl sulfate (SDS), a common detergent used in RNA extraction and the 
solubilization of membrane-associated proteins, is an anionic surfactant with the 
amphiphilic property. It is a protein denaturant by binding its sulfate group to the positive 
side chain of proteins and by the interaction between its alkyl chain and hydrophobic 
chains of proteins. Studies on the interaction of SDS and protein stability have been 
conducted for many years. The dose sensitivity is of high interest. Moren and Khan 
(1995) paid attention to the anionic property of SDS. They tested its interaction with the 
positively charged protein lysozyme. It was reported that when a small amount of SDS 
was added, precipitation occurred in the aqueous lysozyme solution based on charge 
neutralization. However, when they increased the concentration of SDS to an SDS: 
protein ratio of 19:1, where the positive sites of protein were saturated, the precipitate 
was redissolved. Nanomolar concentrations of SDS can induce the formation of α-helices 
and facilitate the process of human Calcitonin (hCt) binding with membranes. According 
to Micelli’s interpretation, SDS monomers can shield the hydrophobic sites of Ct and 
assist the transition from the random coil to the α-helix, avoiding the formation of β-
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sheet, which would induce the process of hCt fibrillation and inhibit its binding with 
membranes.  
The anionic property of SDS is another point of interest in the view of some 
scientists. Enzyme activation by SDS is interpreted as a pH dependent phenomenon 
(Moore and Flurkey, 1989; Jimenez and Garcia-Carmona, 1996). An acidic environment 
can eliminate the activity of enzymes in the presence of SDS, while in the neutral 
environment, SDS can activate enzymes. Several enzymes have been tested, such as 
cresolase and catecholase. Jimenez and Garcia-Carmona (1996) concluded that this type 
of activation is independent of substrate.  
Morimoto et al. (1978) used hydrophobic interactions in micelle structures to mimic 
hydrophobic effects in protein molecules. They tested the affinity of antipyrine, 4-
aminoantipyrine, and phenylbutazone, all of which are pyrazolone derivatives, for SDS 
micelles and their ability to stabilize the micelles. Antipyrine and 4-aminoantipyrine 
showed high affinities to water and great abilities to reduce the hydrophobic interactions 
in SDS micelles, which mimic the hydrophobic interactions within protein molecules. 
However, phenylbutazone is less water soluble and has a weak ability to destabilize 
micelles, which indicates a limited effect in destabilizing protein molecules.  
1.4.5.1.2 Cationic Detergent: Cetyltrimethylammonium Bromide 
Cetyltrimethylammonium bromide ((C16H33) N (CH3)3Br) is a cationic surfactant. It 
has been widely usage in industries such as the gold nanoparticles production and hair 
conditioning products. In aqueous surroundings, it forms micelles with the aggregation 
number at 170 and cmc at 1 mM in water at 20-25 °C. 
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Aiming to explain the mechanism of the pH effect, scientists expanded their work to 
cetyltrimethylammonium bromide (CTAB), a type of cationic surfactant. Sen et al. 
(1980) set the pH as 6.0, a value greater than the pKa of gelatin, and tested its affinities 
with CTAB and SDS. Cetyltrimethylammonium bromide bound to gelatin favorably, due 
to the electrostatic attraction between its positive charges and the negative charge of 
gelatin, while the anionic SDS contributed electrostatic repulsion and unfavorable 
binding. This result illustrates the more complicated interactions between ionic detergents 
and proteins, compared with nonionic detergents. How proteins can be bound with 
detergent is dependent on the relative ratio of electrostatic force to the hydrophobic 
interactions. An equilibrium state can be reached by the balance between the hydrophobic 
interaction and the electrostatic force. In other words, researchers can adjust the ionic 
strength of the medium by changing the pH or adding electrolytes to maximize the ionic 
detergent’s binding with proteins. For example, 10 mM of NaBr and pH 6.5 can increase 
the affinity of CTAB to α-amylase (Bordbar et al., 2005). In regard to hydrophobic 
interactions, CTAB was found to be more efficient in binding with lysozyme than 
dodecyltrimethylammonium bromide (DTAB), due to its stronger hydrophobic 
interactions resulting from its longer hydroxycarbon tail exposed on the surfactant 
molecule (Subramanian et al., 1984). The micelle structures formed by CTAB exhibit 
various modes at different concentrations. Choudhury et al. (1994) employed positron 
lifetime spectroscopy (PLS) to detect the structural transformation in the CTAB/water 
and CTAB/water/hexanol systems. In the CTAB/water system, the surfactant molecules 
dispersed homogenously in a monomeric form at concentrations up to 0.7 mM, at which 
point an abrupt change in physicochemical properties (including surface tension and 
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viscosity) was detected due to the formation of micelles. With increasing CTAB 
concentration, the size and number of spherical micelles grew. However, growth had a 
limitation in that the micelle radius can never exceed the length of the carbohydrate chain 
of CTAB. As a result, the micelles deformed from spherical structures into prolate shapes 
beginning at 10 to 15 mM and were highly deformed at 100 mM. At 125 mM, rod-like 
structures appeared and were transformed into entangled rods at 400 mM. When the 
concentration of CTAB exceeded 1 M, hexagonal liquid crystalline structures were 
formed. This result was in agreement with previous studies using small angle neutron 
scattering (SANS) and small angle X-ray scattering (SAXS) methods. Analysis using 
PLS also worked well in the CTAB/hexanol/water system but was limited to the 
concentration range from 0 to 120 mM due to the phase separation of CTAB micelles. 
Similarly, two cmc values were detected by Guo et al. (2003). One cmc is the 
concentration when micelles formed from monomers. The other is to reach a state of the 
spherical micelles mixture. In the water system, cmc1 for CTAB equals 1 mM and cmc2 is 
approximately 10 mM. 
Studies of the free energy change in the process of CTAB aggregation in the system 
with ethanol were conducted by Li et al. (2006). They explained the phenomena of 
CTAB’s increased cmc value and decreased aggregation number exhibited in the 
CTAB/ethanol system by using the Nagarajan (1991) model. Nagarajan’s model 
considers the free energy change in the formation of the micelle as the sum of the free 
energy change in transferring tails from solvent to micelle core and in the process of the 
tails’ deformation within the core, interfacial free energy change between micelles and 
solvent, steric repulsion between surfactant heads, and the electrostatic interactions 
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between the charged groups. Nagarajan’s model worked well in the CTAB/ethanol 
system and no significant differences were observed between the experimental values and 
predicted values.  The cmc values increase when the carbohydrate tail of CTAB transfers 
into the micelle. Higher fraction of ethanol in the system can also increase cmc by 
strengthening the ionic interaction between CTAB’s head groups, which contribute to a 
smaller aggregation number of CTAB micelles. Cetyltrimethylammonium bromide can 
denature proteins by altering surface tension and influencing hydrophobic interactions, 
leading to loss of biological activity of proteins. However, CTAB can also facilitate the 
protein-refolding process. In research aimed at improving the refolding yield of 
recombinant or native lysozyme, Wang et al. (2005) reported that CTAB is more 
effective in assisting refolding of urea-denatured lysozyme than the artificial chaperone 
β-cyclodextrin. Cetyltrimethylammonium bromide can protect denatured lysozyme from 
aggregation by the formation of CTAB-lysozyme complexes driven by hydrophobic 
interactions. Dissociation of the complex was accomplished by treatment with refolding 
buffer containing the reduced and oxidized forms of glutathione which facilitated the 
formation of disulfide linkages, making it possible for the contact between denatured 
lysozyme and refolding buffer. The interactions between CTAB and α-chymotrypsin 
(CHT) can be revealed by means of the solvation speed using the probe dansyl chloride 
(DC) (Sarkar et al., 2005). The solvation process for the CHT-CTAB complex can be 
divided into two steps with distinct solvation time constants of 150 ps and 500 ps, both of 
which are much longer than for CHT in the absence of CTAB and CTAB micelles, 
indicating the enzyme’s structural perturbation in the process of binding with CTAB. A 
spatial heterogeneity of these two steps can also be revealed and explained as two 
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different hydrophobicity levels in the CTH-CTAB complex, in which a sandwich 
structure was suggested. Cetyltrimethylammonium bromide’s ability to bind protein and 
DNA was also studied by Gani et al. (1999). They tested the binding site numbers 
exposed on CTAB micelles in individual solutions of protein or DNA and their mixture. 
They found that the CTAB-DNA-protein ternary system can expose more binding sites 
than any of the protein and DNA individual systems. In addition, the states of protein and 
DNA have a significant influence on the binding of CTAB. The denatured protein and 
DNA system has a greater ability to bind CTAB micelles than systems that contain the 
native protein or DNA molecules.  
The number of head groups in cationic surfactants affects their ability to form 
micelles (Bhattacharya et al., 2004).  Although micelle formation by single-tail 
surfactants with single, double or triple head groups are all thermodynamically favorable, 
the free energy for each increased as the amount of head groups increased, which 
indicates a less favored and less spontaneous reaction. They concluded that head groups 
played negative roles in micelle formation.  
The kinetics of CTAB intermolecular interactions is an interesting phenomenon that 
is of interest to scientists working on industrial applications. It was reported by Ottaviani 
et al. (2004) that the reaction to form micelle-templated silicas (MTS) from CTAB and 
silica took 150 minutes. However, the addition of 1, 3, 5-trimethylbenzene (TMB) was 
able to speed this process into one hour and enlarge the pore size when the ratio of TMB 
to CTAB equaled 13. More interestingly, they found that the synthesis time could be 
separated into two distinct steps at a TMB: CTAB ratio of 5. The fast step took place 
during the first 100 minutes, with a rate and product similar to the reaction at a TMB: 
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CTAB ratio of 13.  The second step was slower, corresponding to the reaction without 
TMB. Ottaviani et al. (2004) explained their results in light of the polarity changes of the 
environment brought about by TMB. Trimethylbenzene provided new void spaces by 
TMB evaporation and lowered the polarity of the environment by locating at CTAB’s 
head groups, which increased the condensation of silanol and produced the large-pore 
MTS. An interesting experiment was conducted by Ducker and Wanless (1998) to find 
out the shape of CTAB micelles formed on the surface of muscovite mica. The reaction 
was lengthy, with the addition of protons or high temperature reported to speed the 
process. Protons were found to be competitive with CTA+ on the binding sites of mica, 
resulting in the detachment of CTA+ from the mica. Besides, the hydrophobic force 
provided more drive to the formation of CTAB micelles. Both the competitive effect and 
hydrophobic effect induced a transition in shape from cylindrical to wormlike.  
The micelle structure can be detected by probing with substituted derivatives of the 
chromophore 2-phenyl-3, 3-dimethyl-3H indole (Sarpal et al., 1994). The structure and 
properties of the above molecules can determine the binding locations with SDS and 
CTAB micelles. For example, ester molecules have greater affinity to water, resulting in 
a surface or a shallow interior binding location. Two solubilization sites in SDS micelles 
can be recognized by 2-((p-amino) phenyl)-3, 3-dimethyl-5-carboethoxy-3H-indole and 
2-((p-methylamino) phenyl) 3, 3-dimethyl-5-carboethoxy-3H-indole, which may due to 
the rough surface of SDS micelles. In CTAB, only one solubilization site was detected. 
1.4.5.1. 3 Zwitterionic Detergent: 3-[(3-Cholamidopropyl) dimethylammonio]-1-
propanesulfonate 
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3-[(3-Cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS) is 
a zwitterionic detergent with the cmc value at 6 mM and the aggregation number of 10 in 
water at 20-25 oC. Different from SDS and CTAB discussed above, it is commonly used 
as a solubilizer and non-denaturing solvent in the process of protein purification, 
especially for membrane proteins purified from its natively hydrophobic cellular 
environment. For example, Gall et al. (2003) chose CHAPS to stabilize ST3 
(stromelysin-3) before crystallization. They studied the mechanism of how CHAPS 
molecules act as protein stabilizers and found two sites on ST3 binding CHAPS 
molecules. At Met-turn, CHAPS’ hydrophilic steroid core connects with the polar surface 
of stromelysin-3, exposing the hydrophobic tail which masks the hydrophobic patch of 
ST3. Therefore, the recombinant ST3 cannot aggregate with each other during the 
concentration. The other binding site locates at the hydrophobic pocket formed by the N 
and C terminals of ST3. This site is the binding site for calcium atoms normally, but is 
replaced by the CHAPS molecule in this occasion and forms a stronger bond resulting in 
a more stable structure. 
1.4.5.2 Non-ionic detergent 
The Tween family is a nonionic polysorbate surfactant family consisting of Tween 
20, Tween 40, Tween 80, etc. They also present a stabilizing effect to prevent the process 
of protein unfolding. In 1998, Bam et al. found that Tween can stabilize recombinant 
human growth hormone against denaturation. The mechanism is independent of the cmc 
value of Tween. They proposed a thermodynamic explanation basically saying that 
Tween molecules block the hydrophobic sites on the surface of proteins, which contribute 
greatly in the process of aggregation and therefore, inhibit the heat-induced denaturation. 
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One year later, Arakawa and Kita (1999) chose Tween 80 to interact with bovine serum 
albumin and reached the same conclusion that Tween 80 can act as a protein stabilizer 
and the protecting effect is greater at higher concentration, yet lower than the cmc. In 
addition, they concluded the mechanism of the stabilization is to alter protein’s 
aggregation behavior. In 2005, Chou et al. conducted research on alutropin using Tween 
20 and Tween 80. They confirmed not only the above conclusions about Tween’s 
stabilizing effect, but also the explanation in light of thermodynamics. They found that 
Tween can increase the free energy of the unfolded state of alutropin, which eliminates 
the destabilizing effect induced by high temperatures.  
1.4.5.3 Detergent and Protein Thermostability 
The relationship between surfactant and thermostability of proteins are also of 
interest. Vermeer et al. (2000) tested effects on protein thermostability by different 
concentrations of individual and mixed detergents. In experiments with SDS, very low 
concentrations had no influence on thermostability of proteins due to electrostatic binding 
with specific and limited sites of protein molecules. When the concentration approached 
cmc, SDS decreased the thermostability of proteins by disturbing their hydrophobicity. 
However, when micelle structure formed at concentrations above cmc, protein molecules 
were captured and covered by micelle structure, initiating denaturation of proteins and 
increasing thermostability. The same phenomena were also described using CHAPS, and 
a mixture of SDS and Tween 20. In addition, it was reported that the secondary structure 
was influenced by the addition of detergent, increasing the ratio of α-helix to β-sheet. The 
ability of detergent micelles to bind the protein can also influence the protein’s solubility. 
The process of increasing solubility of protein by being incorporated into detergent 
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micelles is referred to as solubilization. Banerjee et al. (1995) tested the ability of 
different types of detergents in solubilizing protein. They proposed a more detailed 
classification for detergents based on their structure and charge, including negatively 
charged detergent, positively charged detergent, zwitterionic detergent, H-bond formation 
detergent, and hydrophobic detergent with long polyoxyether chains and aromatic rings. 
There are two sub-classes describing the long flexible chain structure and rigid structure 
existing in the first three classes referred to above, which offered activity differentiation 
attributed to structures. For example, in the comparison of membrane protein extraction 
abilities between CHAPS, a zwitterionic detergent with a rigid structure and Triton X100, 
a nonionic hydrophobic detergent with a long polyoxyether chain and aromatic rings, 
Triton X100 extracts more protein and fewer lipids than CHAPS despite similar cmc 
values. They concluded that extract yield is determined more by the ratio of detergent to 
proteins instead of the detergent’s cmc value. The same principle was also applied by 
Bennett (1992) in his research to determine the characters of the components in synaptic 
vesicle membrane proteins. He used three detergents (CHAPS, Triton X100 and 
octylglucoside) to solubilize and recover the protein complex and distinguish different 
synaptic vesicle fractions by their different sedimentation rates and recovery efficiency. 
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CHAPTER II 
 
 
THERMOSTABILITY OF PEPPER LEAF PROTEINS 
 
Abstract 
Thermostability of pepper leaf proteins was evaluated at pH 6.0 and 6.5. For the 
solubility-based thermostability assay, the apparent absorbance measured at 540 nm 
accurately indicated the content of the soluble protein measured by Bradford quantitation. 
Protein solubility was maintained to a higher temperature at pH 6.5, compared to pH 6.0.  
An activity-based thermostability assay indicated better maintenance of catalase activity 
at pH 6.5 (53.5 oC) than at pH 6.0 (47.0 oC). The activity trend of catalase in solutions 
exposed to elevated temperatures was consistent with the change in solubility of the total 
MES buffer-extractable pepper leaf proteins. 
 
Introduction 
Protein stability 
Among the indicators of protein thermostability, solubility and activity are the most 
important terms. Protein solubility can be maintained in an aqueous environment with the 
hydrophobic groups buried inside of the molecules and the hydrophilic groups exposed 
on the surface of the protein. Changes in protein solubility can be used to indicate
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changes in protein structure under unfavorable conditions. Adverse environmental factors 
such as denaturants and high temperatures induce denaturation and unfolding of the 
protein. The solubility changes accordingly with the exposure of the hydrophobic groups 
and the formation of disordered structures during protein denaturation.  Under these 
conditions, protein solutions become turbid due to the formation of small aggregates, 
followed by precipitation of large aggregates. Activity is a function-based term for 
protein thermostability which provides information about the activity change in 
accordance with the conformation shift. However, solubility and activity are not always 
in agreement. The activity is sensitive to conformational changes, with even minor 
changes in conformation having the potential to inhibit the function of the protein, 
especially for enzymes. 
Protein solubility is highly related to the pH of the solution. The amino acids on the 
surface of the protein carry different charges at different pHs. For example, when the pH 
of the protein solution is 7, the arginine and lysine residues located at the surface of the 
protein carry positive charges, while aspartic acid and glutamic acid carry negative 
charges. The net charge or overall charge on the surface of the protein is based on the 
composition of amino acids with different electrostatic properties. The isoelectric point 
(pI) is the term that describes the solution with the sum of the positive and negative 
charges of the amino acids as zero. At pHs above pI, protein surfaces are predominantly 
negatively charged. Similarly, at pHs lower than pI, protein surfaces mainly carry 
positive charges. In both cases, repulsive forces can be induced between protein 
molecules and thus the aggregation of protein molecules can be prevented. However, at 
the pH equal to pI, the repulsive electrostatic forces are reduced due to the cancellation of 
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the positive and negative charges on the surface of proteins, which decreases the 
dispersive forces and induces aggregation and precipitation of the protein solution. In 
addition to the direct interaction between protein molecules at pH values higher or lower 
than the isoelectric point, proteins carry charges on the surface and the interaction with 
water molecules is more favorable than with other protein molecules. In other words, 
protein-protein interaction and precipitation are favorable when the net charge of the 
protein is zero, at the isoelectric point (Alberts et al., 1998), which explains the 
phenomenon that protein reaches its lowest solubility at the isoelectric point.  
In the research conducted by Anderson (2006) to systematically test the protein 
stabilizing and destabilizing factors in pepper leaf protein solutions exposed to high 
temperatures, pH was included as a variable. It was demonstrated that in a narrow range 
of pH increase from 6.0 to 7.0, the thermostability of pepper leaf proteins, in terms of the 
solubility, increased accordingly. This observation is in agreement with greater repulsive 
interactions between negatively charged protein surfaces at higher pH.  
The pI of the protein solution can be calculated as the average of the pKa’s of the 
amino acids in the polypeptide chain exposed on the surface of the protein. The pKa of a 
protein is determined by the ionizable groups of the polypeptide chain. It is 
the equilibrium constant for the acid-base reactions of the ionizable group. Larger pKa 
values indicate a smaller extent of dissociation. Protein solutions have complex titration 
curves due to the large number of ionizable groups and the covalent and three-
dimensional structure of the protein molecule. The influence of nearby charged groups 
makes the pKa of the ionizable group shift by several pH units from its value in the free 
amino acid. In addition, hydrogen bonds and salts shield the side chain charges from one 
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another, decreasing the interaction between the charged groups (Voet and Voet, 2004). 
The Henderson-Hasselbach equation, pI=1/2 (pki+pkj), suggests a precise way to measure 
the pI, where ki and kj are the dissociation constants of the two ionizations of the neutral 
species. The electronic interaction also depends on the distance between the charged 
groups. The electrostatic interactions between the functional groups attenuate rapidly as 
the distance increases (Voet and Voet, 2004). 
 Electrostatic interaction is a significant indicator to predict protein structure and 
activity. Electrostatic desolvation energy is the energy required to break the molecule-
solvent interactions at the binding site when molecules bind in an aqueous environment. 
The most stable state occurs at the minimum free energy (Mandell et al., 2001). In 
computational methods to predict the most stable mode of association on protein 
surfaces, the electrostatic interaction potential and electrostatic desolvation energy are 
estimated in simulation models. For example, it was reported by Yoont et al. (1992) that 
between a positively charged ribonuclease A molecule and a negatively charged surface 
at various orientations and separations, ribonuclease A showed the strongest electrostatic 
attraction with its active site facing the surface.  Electrostatic interaction is highly related 
to the pH of the system. As studied by Zhang and Yu (2005), the electrostatic interaction 
energy, electrostatic desolvation free energy and hydrophobic desolvation free energy 
were measured to indicate the hydrophobic and electrostatic interactions between two 
monomers of the SARS 3CL proteinase dimer at different pH conditions. The 
electrostatic interaction was demonstrated to be the key factor to the instability of SARS 
3CL proteinase dimer under acidic or alkali conditions. Similarly, Yang and Hoing 
(1993) discussed the distribution of the charged groups and the destabilizing location and 
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concluded that the destabilizing effect was not distributed evenly on the surface of the 
protein and was more prominent at locations concentrated with the destabilizing groups. 
For example, ionizable groups located on the surface of a protein with anomalous pKa, 
such as the carboxylic groups with low pKa’s, determine the titration end point. Yang and 
Hoing (1993) also pointed out that the individual ionizable groups contribute differently 
to the stability of the protein even though the proteins have the same set of pKa’s and the 
same relative free energies as a function of pH.  For example, when there is an n pKa unit 
shift in a single ionizable group, the contribution to the change of free energy can be 1.36 
n if the n pKa units shift is entirely in its intrinsic pKa (Yang and Hoing, 1993). The 
contribution could also be 1.36 n/2 if the pKa shift results from a pair wise interaction. 
Similar results were published by Spencer et al. (2005).The pH dependence of ∆G; 
the free energy change in the unfolded and folded states of human FK 506-binding 
protein (FKBP12) was concluded to be governed by the pKa’s of titratable groups. The 
residual charge-charge interaction is also negligible due to the lack of sequentially 
neighboring positive charges caused by the salt screening. Furthermore, Spencer et al. 
(2005) reported the dual influences on protein stability by salt. The dual response can be 
explained as two opposing types of protein-salt interactions. Small amounts of salt induce 
the Debye- Hückel interaction (Debye and Hückel, 1923), in which ions interact with 
protein charges and favor the unfolded state of protein. As salt concentration increases, 
the unfolded state is unfavorable due to the induced Kirkwood interaction (Kirkwood, 
1943), in which the ions move toward the exposed low-dielectric protein cavity of the 
unfolded proteins from the bulk solvent. The macromolecular crowding was concluded to 
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be thermodynamically unfavorable based on the free energy increase in both folded and 
unfolded states of FKBP12. 
Similar to the solubility of protein, the activity is highly related to the pH, but the 
activity change is more complex at different environment pHs.  For example, Khurana et 
al. (1995) tested the stability of barstar at pHs ranging from 2-13 and concluded that the 
change in stability of barstar is more complex than its solubility change, which is 
determined by the net charges on protein surfaces indicated by the pI value. Barstar is the 
intracellular inhibitor to barnase in Bacillus amyloliquefaciens and its pI value is 5.0. At 
pH ranges from 3-5, the stability of barstar decreases, which results from the protonation 
of one or more of the Asp or Glu residues in barstar. At pHs of 5-7, the stability 
increases. The stability increase was not observed in a mutant in which the His residue on 
barstar was replaced with Gln.  The stabilization rationale was based on the protonation 
of the His residue at pH below 7. When the pH is above 7, the stability of barstar 
decreases, which is due to one or both of the two cysteine residues being deprotonated. 
Khurana (1995) also tested the effects of the denaturants guanidine hydrochloride 
(GdnHCl) and urea, as well as high temperatures on the unfolding transition of barstar. 
The free energy change between the unfolded and the folded barstar was found to be 
identical among the denaturation induced by GdnHCl, urea and high temperatures.  
 
Catalase and heat stress defense 
Reactive or activated oxygen species (ROS/AOS), including oxygen ions, free 
radicals and peroxides, are of high reactivity and play an important role in cell structure 
and signaling. Free radicals, atoms or small molecules with unpaired electrons in the 
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valence shell, are common ROS/AOS. Their levels can be much higher when plants 
suffer from stresses, resulting in the so-called oxidative stress. Oxidative damage is 
considered to be one of the major deleterious factors induced by heat stress. Yeast 
exposed to severe high temperature will die mainly due to oxidative damage to its cell 
(Davidson et al., 1996). In plants, the process of photoinhibition induced by heat is a 
source of ROS. There is a balance between the solar energy captured by pigments and 
reducing power transported through the photosynthetic cytochromes and quinones at 
normal state. Heat shock disrupts the coupling of electron transport and the absorption of 
energy. The excess energy can flow to triplet oxygen, and other ROS, commonly 
accumulating in chloroplasts and mitochondria, two major locations where electron 
transport takes place. The most heat-susceptible component in chloroplasts is the PSII 
complex (Schuster et al., 1988; Burke, 1990). Heat induces change in its composition and 
disaggregation of its functional components (Suss and Yordanov, 1986) resulting in the 
imbalance of electron transport and the accumulation of ROS. 
In order to limit oxidative damage under stress conditions, plants have developed a 
series of detoxification systems that break down the highly toxic ROS. Plants protect 
cellular and sub-cellular systems from the cytotoxic effects of ROS using antioxidant 
enzymes such as superoxide dismutase (SOD), catalase, ascorbate peroxidase, 
cytochrome peroxidase, glutathione reductase and metabolites like glutathione, ascorbic 
acid, α-tocopherol and carotenoids. Many experiments provide evidence for antioxidant’s 
function in improving thermostability. Yeast mutants that lack genes for catalase, SOD 
and cytochrome peroxidase are more sensitive to heat shock than the wild type cells 
(Davidson et al., 1996). In tobacco mutants with high expression of catalase, the 
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photosynthetic activity is much better protected under heat stress than in the wild type 
(Willekens et al., 1995). Because antioxidants are a very important component in plant’s 
defense system under heat shock, more studies are still needed (Klueva et al., 2001).   
Previous research has shown that solubility-based protein thermostability was greater 
in heat tolerant vinca (Catharanthus roseus L. G. Don ‘Little Bright Eyes’), compared 
with heat susceptible sweet pea (Lathyrus odoratus L. ‘Explorer Mix’) (Anderson and 
Padhye, 2004). An activity-based assay using catalase exhibited the same trend between 
species as the solubility result. In a study examining thermostability of pepper leaf 
proteins by their solubility, it was found that stability increased as pH increased from 6 to 
7 (Anderson, 2006). However, whether environmental pH changes that affect solubility-
based protein thermostability will have corresponding effects on activity-based assays is 
not clear. Therefore, our primary objective was to determine whether solubility and an 
activity based protein thermostability assay exhibited corresponding changes with the 
changing pH. A secondary objective was to evaluate whether the apparent absorbance 
measured at 540 nm wavelength can accurately indicate changes in the concentration of 
the soluble proteins.  
 
Materials and Methods 
PLANT CULTURE AND LEAF EXTRACT. ‘Early Calwonder’(Capsicum annuum 
L.) pepper plants were grown in 24 cm diameter pots in a commercial potting mix (BM-
1; Saint-Modeste, Quebec) amended with dolomite (3.6 g/L), triple superphosphate (0.7 
g/L), Micromax (The Scotts Co., Marysville, Ohio) (0.6 g/L), and KNO3 (0.6 g/L). Plants 
were maintained in a controlled-environment chamber (model PGW36; Conviron, 
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Winnipeg, Man., Canada),  at 24/20 °C day/night temperatures with a 14 hour 
photoperiod and a photosynthetic photon flux density at canopy height of about 400 
μ·mol·m-2·s-1. Plants were watered with 0.7 g/L 20N-8.6P-16.6K soluble fertilizer as 
needed based on media color and the weight of the pot. Fully expanded leaves from 10-
week-old plants were collected as the plant material. 
Deionized water at room temperature was used to hydrate the leaves after collection 
and during transfer from the growth chamber to the lab.  Fifteen grams of leaves without 
the midrib were blended in the homogenization buffer consisting of 225 ml MES [2-(N-
morpholino) ethanesulfonic acid] buffer (50 mM, pH=6.0, with 1 mM EDTA) (Thermo-
Fisher Scientific, Fair Lawn, NJ) with 1.25 g PVPP (polyvinylpolypyrrolidone) (Sigma-
Aldrich, St. Louis, MO). Then, the leaf slurry was filtered through Miracloth 
(Calbiochem, Madison, WI) and collected in a beaker containing an additional 1.25 g 
PVPP with 15 ml MES buffer. Leaf extract was generated by collecting the supernatants 
from centrifugation at 16k gn at 21 ºC for 20 min. Extracts were mixed with an equal 
volume of MES buffer and stirred for 20 min. After mixing, pH of the solutions was 
adjusted to 6.0 in the first series of experiments, and to 6.5 in the second series of 
experiments. An aliquot of solution at pH 6.0 was retained in the second series of 
experiments and exposed to high temperatures to allow limited comparisons. 
HEAT TREATMENT. The treatment temperature range for experiments conducted at 
pH 6.0 was 21, 33, 48, 50, 52, and 54 ºC. Experiments at pH 6.5 had temperature 
exposures of 21, 36, 48, 50, 52, 54, 56, 58, 60 and 62 ºC.  Three subsamples of 3.4 ml 
solution were pipetted to16 mm test tubes for each temperature treatment. Test tubes 
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were held in water baths for 15 min at target temperatures and then cooled to 21 ºC for 
four hours.  
PROTEIN QUANTIFICATION. Protein concentrations in leaf extracts were 
determined using the Bradford (1976) assay with ovalbumin as a standard. Samples were 
diluted 1:5, 1:10 and 1:20 with MES buffer (50 mM, pH 6.0 or 6.5, containing 1 mM 
EDTA). Bradford reagent (3 ml) was added to each cuvette containing 100 µl of diluted 
extract or standard and mixed by repeated inversion before absorbance measurements at 
595 nm were conducted at ambient temperature. 
SOLUBILITY MEASUREMENT. A spectrophotometer (DU640B, Beckman) was 
used to measure apparent absorbance at 540 nm 4 hr after heat treatment. Un-heated 
solutions (21 ºC) were filtered through 0.2 µm polyethersulfone membrane syringe filters 
for use as blanks. As treatment temperatures increased, light scattering by aggregated 
proteins increased apparent absorbance values until a maximum value was reached.  
Further temperature increases yielded apparent absorbance values similar to controls due 
to precipitate formation. Only the clear solution over precipitates was sampled in 
experimental units with insoluble proteins. 
CATALASE ASSAY. Catalase activity was determined spectrophotometrically (Aebi, 
1983).  Samples from each temperature treatment were diluted 1:20 with MES buffer (50 
mM, pH 6.0 or 6.5, with 1 mM EDTA). After pipetting 1.5 ml of the diluted solution to a 
quartz cuvette, hydrogen peroxide (30 mM, 1.5 ml) was added and mixed by multiple 
inversions. Absorbance at 240 nm was monitored in kinetic mode at 10 s intervals. 
Substrate depletion rate was calculated from 10 to 30 sec based on a hydrogen peroxide 
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standard curve generated on each experimental date. Linear response curves were verified 
throughout the monitoring period.  
 
Results 
Turbidity and soluble protein content under high temperature and pH treatments 
At pH 6.0, the temperature at the turbidity peak was 50 oC, which was close to the 
inflection point in the relationship between soluble protein content and temperature 
(Figure 1). The turbidity measured by the apparent absorbance at 540 nm increased 
gradually as temperature reaches 50 oC. At temperatures higher than 50 oC, the turbidity 
curve starts to drop down due to the formation of precipitation. The soluble protein 
content based on the Bradford assay remained relatively constant at the temperature range 
from 33 oC to 50 oC. The amount of soluble protein decreased sharply at temperatures 
higher than 50 oC.  
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Figure 1. The apparent absorbance at 540 nm vs. Bradford quantified soluble protein 
content vs. temperature variables at pH 6.0. Means ± SE from 3 subsamples by 5 
replications were included (n=15). 
 
At pH 6.5, the temperature at the turbidity peak was 56 oC, which was close to the 
inflection point in the soluble protein content curve (Figure 2). The turbidity measured by 
the apparent absorbance at 540 nm increased gradually as temperature reached 56 oC. At 
temperatures higher than 56 oC, the turbidity curve starts to drop down due to the 
formation of precipitation. The soluble protein content remained relatively constant at the 
temperature range from 36 oC to 54 oC. The amount of soluble protein decreased sharply 
at temperatures higher than 54 oC.  
 
Figure 2. The apparent absorbance at 540 nm vs. Bradford quantified soluble protein 
content vs. temperature variables at pH 6.5. Means ± SE from 3 subsamples by 5 
replications were included (n=15). 
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Catalase activity under high temperature and pH treatments 
Catalase activity can be indicated by measuring the rate of H2O2 decomposed 
catalyzed by catalase. At pH 6.0, the rate of H2O2 consumed in 20 seconds decreased as 
temperatures increase from 33 oC to 56 oC as Figure 3. The midpoint is estimated as 47 
oC by SAS PROC NLIN procedure. At pH 6.5 (Figure 4), the catalase activity follows the 
same trend as the pH 6.0 treatment, but shifted toward higher temperatures. The 
temperature range tested was from 36 oC to 62 oC. The midpoint is estimated as 53.5 oC 
by SAS PROC NLIN procedure.  
 
Figure 3. Catalase activity plotted against temperatures at pH 6.0. Means ± SE from 3 
subsamples by 5 replications were included (n=15). 
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 Figure 4. Catalase activity plotted against temperatures at pH 6.5. Means ± SE from 3 
subsamples by 5 replications were included (n=15). 
 
Discussion 
Turbidity changes determined by apparent absorbance measurement were consistent 
with changes in the soluble protein content measured by Bradford quantification. As the 
turbidity of the solution became more intense due to the formation of small aggregates, 
the soluble protein content measured by Bradford quantification remained fairly constant. 
Turbidity and soluble protein content decreased when precipitates formed due to severe 
heat aggregation. The close correspondence between changes in turbidity and soluble 
protein content allows us to predict and examine the soluble protein content change by 
the trend of the turbidity measured at 540 nm wavelength after the high temperature 
treatment.  
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The correspondence between measurements of turbidity changes and soluble protein 
content changes exhibited at both pH 6.0 and 6.5 verifies the association between the two 
solubility indicators we used in the experiment: turbidity and Bradford-quantified soluble 
protein concentration. Within the range of 6.0 to 6.5, the higher pH environment has a 
greater ability to maintain the solubility of protein against high temperature aggregation, 
which is in agreement with the conclusion drawn by Anderson in 2006. The mechanism 
suggested that the negatively charged environment induced by a higher pH can introduce 
stronger repulsive forces between the negatively charged surfaces can also apply to our 
result. 
Moreover, based on the result that higher pH is more favorable to pepper leaf protein 
thermostability than lower pH, we conclude that the molecular surfaces of the mixed 
proteins are dominated by negative charges. The more intense negative charges at the 
higher pH yield more repulsive electrostatic interaction between surfaces and attenuate 
high temperature aggregation.  
Catalase in our study undergoes two denaturation challenges. High temperatures 
increase the free energy of the protein-solution system and make the unfolding process 
and further aggregation of the unfolded proteins favorable. Defined as the negative 
logarithm of the hydrogen ion activity in an aqueous solution (IUPAC, 1997), pH can 
also affect the stability of proteins by influencing the electrostatic interactions between 
active binding sites on proteins and charges in the environment. At a pH of 6.5, catalase 
activity declined with increasing temperature with a midpoint of 53.5 oC. By comparing 
the midpoint values at pHs of 6.0 and 6.5, catalase activity at pH 6.5 was better 
maintained against high temperature decline than at pH 6.0 (47.0 oC). This may be 
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because the average pKa of the residues at active binding sites on catalase is much closer 
to 6.5 than to 6.0. In addition, the activity trend of catalase under high temperature 
denaturation is consistent with the change in the solubility of the total pepper leaf 
proteins in our study. We can also conclude that maintenance of solubility by stronger 
repulsive interactions between protein molecules also contributes to maintenance of the 
conformation of the catalase enzyme, so the activity of pepper leaf catalase is more 
tolerant against high temperatures at the higher pH of 6.5. 
Testing the activity changes and the solubility changes of pepper leaf proteins at pH 
6.0 and 6.5, it was found that catalase exhibited a good correspondence between the 
activity and solubility at both pHs. We consider catalase a representative enzyme. It is 
expected that other enzymes may have different Tmid values and that their activities may 
fail to be closely associated with the solubility changes of total pepper leaf proteins. The 
enzymatic activity can be more sensitive than the solubility and the loss of activity may 
start earlier than the solubility responses under adverse environmental factors. This may 
be explained by minor conformational changes that trigger loss of activity although 
solubility is maintained. Maintenance of solubility results from the repulsive forces 
driven by the same net charges on the surface of the protein. However, the activity of the 
protein is determined by the conformational status of the protein and the protonation or 
deprotonation of the charged residues, not only the net charge on protein surface. 
Thereby, our conclusions about leaf pepper catalase may not be generally applied to other 
enzymes to predict their solubility and activity under high temperatures or denaturing 
treatments.  
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CHAPTER III 
 
EFFECTS OF CHEMICAL CHAPERONES ON THERMOSTABILITY OF PEPPER 
LEAF PROTEINS 
 
Abstract 
Effects of chemical chaperones on solubility-based thermostability of pepper leaf 
proteins were evaluated using mixtures of stabilizers and mixtures of stabilizers and 
destabilizers. Glucose and glycine (stabilizers) with similar polarity exhibited an 
equivalent stabilizing effect. Destabilization of pepper leaf proteins by CHAPS was 
significantly weakened by the stabilization provided by glycine. Destabilization by 
CHAPS and stabilization by glycine were numerically additive for commercial 
ovalbumin.  
 
Introduction 
Sugars and polyols can stabilize proteins against heat denaturing (Back et al., 1979). 
The extent of stabilization by different sugars and polyols was related to different 
influences on the structure of water. Additional solutes, such as L-proline, L-serine, γ-
aminobutyric acid, sarcosine, taurine, α-alanine, β-alanine, glycine, betaine, and  
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trimethylamine N-oxide were subsequently reported to stabilize protein structure under 
heat stress by avoiding direct binding to the protein (Arakawa and Timasheff, 1985). 
Timasheff et al. (2002) studied the interaction between sugars, polyols and proteins, and 
theorized that preferential hydration of protein in the protein-water-cosolvent system 
accounted for the structural stabilization of proteins. The addition of these protein 
stabilizers, which increased the surface tension of water by changing the chemical 
potential of proteins, further induced the cosolvent’s preferential exclusion from the 
protein surface and water molecule’s preferential binding. Interacting loci are sites on 
protein surfaces where water and solvent components exchange. Preferential interaction 
includes preferential hydration and preferential binding of ligand, which considers their 
relative affinities for interacting loci. When the affinities between water molecules and 
interacting loci are greater than for the ligand, an excess of water will bind in the protein 
domain, which is called preferential hydration or a preferential exclusion of ligand. On 
the contrary, if the relative affinity between interacting loci and ligand is greater, 
preferential binding of ligand will occur. In terms of thermodynamics, preferential 
binding is quantitatively equal to the thermodynamic binding. When stabilizers are 
added, the perturbation of chemical potential of the protein is positive; the interaction 
between the cosolvent and protein is unfavorable due to the increase in the system’s free 
energy, and preferential exclusion of cosolvent and preferential hydration will result.       
Timasheff’s (2002) ideas on protein-solvent-cosolvent interactions received 
additional support from studies of other systems. Sarcosine, glycine betaine and 
trimethylamine N-oxide were reported to protect the active and native conformation of 
α1-antitrysin at elevated temperatures in a concentration-dependent manner (Chow et al., 
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2001). High temperature can induce a partial unfolding state of α1-antitrysin, resulting in 
increasing exposure of its peptide backbone, which cannot interact favorably with the 
addition of those osmolytes. However, the free energy is increased with this addition, 
which will force proteins to sequester, maintaining a folded and more compact state. In 
this solvophobic manner, a1-antitrysin’s conversion to its intermediate state and the 
following polymerization can be hindered and the native state stabilized. However, these 
osmolytes have no effect on aiding correct refolding (Chow et al., 2001). Another 
example of concentration-dependent protection was revealed by Ganea and Harding 
(2005). The activity of glucose-6-phosphate dehydrogenase (G6PD) was more stable 
against glycation-induced inactivation at higher concentration of trehalose and 6-
aminohexanoic acid (AHA). Those compounds can also help restore activity; however, 
the reactivation is less efficient than the protection due to irreversible processes 
occurring. The different protective effects between folding and refolding processes in 
both experiments suggest a non-specific effect of those osmolyte stabilizers. Osmolytic 
forces drive the folding of the denatured proteins to lower the system’s free energy 
because the unfolded state is thermodynamically unfavorable. However, if a protein’s 
native conformation is less thermodynamically stable than the misfolded state, osmolyte 
stabilizers may be ineffective in helping proteins refold correctly. 
A significant connection between stabilizing effects of chemical chaperones and 
their physical properties has been established. Guiavarc’h et al. (2003) applied different 
sugars (sucrose and trehalose) and polyols (mannitol, sorbitol, lactitol and glycerol) on 
purified tomato pectinmethylesterase (PME) and tested the remaining enzyme activity 
after heat treatment. The decimal reduction time D (time course for one log reduction 
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from the initial enzyme activity to the response value after exposure to a certain 
temperature) was selected to reflect the inactivation of PME. Both sugars and polyols 
exhibited a protective effect on thermal stability of tomato PME.  The stabilizing effect 
introduced by polyols was greater than that by sugars tested in their experiment. Glycerol 
exhibited the greatest stabilizing effect among all stabilizers tested and provided the 
highest D value both at 65 oC and 70 oC. In addition, the function between the D values 
for PME and numbers of OH groups per unit volume of enzyme provided by stabilizers 
was found to be exponential (Guiavarc’h et al., 2003). OH groups were interpreted as the 
only factor determining their stabilizing effect. They also tested the ability of polymers 
with different molecular weight in stabilizing PME from heat denaturation. The polyvinyl 
alcohol with lower molecular weight showed a greater stabilizing effect (higher D value 
at 65 oC) than higher molecular weight ones.  Guiavarc’h et al. (2003) pointed out that the 
number of OH groups affects the hydrophilicity of the protein-solute system. The access 
of OH groups of the osmotyles weakens the interaction of water with both the hydrophilic 
surface and the hydrophobic core of the protein and replaces it with a more hydrophilic 
environment, by which the protein’s hydrophilic surface-hydrophobic core structure can 
be stabilized against heat unfolding. Similarly, OH groups possessed by polymers with 
lower molecular weight have a smaller size and less steric limitation to access the protein, 
which benefits the interaction between osmolyte OH groups and protein structure. The 
explanation is different from the preferential hydration theory suggested by Timasheff 
(2002). Timasheff explained the stabilizing effect as a result of preferential hydration, 
which results from the greater affinity between water and protein than between ligand 
and protein at the interacting loci. According to the preferential hydration theory, it is the 
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hydration layer on the surface of the protein structure that stabilizes the protein from high 
temperature unfolding, and not the OH groups attracted directly to the structure as 
suggested by Guiavarc’h (2003). 
Polyols were also tested by Anderson in his research in 2007. Pepper leaf protein 
mixtures were studied aiming to address the divergent conclusions drawn by using 
different, single proteins in chemical chaperone assays. Polyol OH group density is 
defined as the number of OH groups polyols provide per molar volume of solution. 
Compounds with a range in number of OH groups but with the same number of carbon 
atoms (n-propyl alcohol, propylene glycol and glycerol), or a different number of carbon 
atoms with fixed OH groups (methanol, ethanol, propanol and butanol) were studied. The 
higher maximum apparent absorbance temperature, expressing the solubility of pepper 
leaf protein mixture after heat treatment, was reached with stabilizers with higher OH 
density. The polarity and hydrophilicity of stabilizers were also tested with mannitol, 
glycerol, ethylene glycol, propylene glycol and methanol at concentrations yielding the 
same OH density but different polarity. The more polar and hydrophilic the compounds, 
the more they stabilized the protein under heat treatment. A linear or quadratic 
relationship with the maximum apparent absorbance temperature was reported both at 
various OH group densities and various log Kow (oil/water partition coefficient) at fixed 
OH density. In contrast with Guiavarc’h et al. (2003), it was concluded that not only the 
amount of OH groups but also the source of OH, which covers the properties of the non-
OH portion such as the polarity and hydrophilicity, determines the polyol stabilizing 
effect. The colligative effect of the number of OH groups supported by Guiavarc’h et al. 
(2003) was not satisfied. Anderson’s (2007) result, which emphasized the interaction 
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between solutes and cosolutes, was in agreement with Timasheff’s (2002) preferential 
hydration theory and the thermodynamics rule about the free energy change. 
Molecular weight of polyols was also the focus of Anderson (2007) aiming to reveal 
the relationship between the size of cosolvent molecules and their effect on stabilizing 
proteins against high temperature aggregation. Ethylene glycol, methanol, glycerol and 
mannitol were selected as a series of chemical compounds with different molecular 
weight but a fixed carbon atom to OH group ratio. Thermostability, based on the 
maximum apparent absorbance temperature at 540 nm, increased with increasing 
molecular weight. The greater thermostability introduced by larger cosolvent molecules 
can be a result of greater amount of OH groups possessed by larger cosolvent molecules 
than that of smaller ones at the fixed carbon to OH group ratio.  Anderson’s (2007) 
conclusion is in agreement with the result reported by Davis-Searles et al. (2001). The 
stability of horse heart ferricytochrome c was tested by the addition of osmolytes. By 
detecting the free energy change associated with the transition between the folded and the 
unfolded state of the protein in the presence of osmolytes, they found that the polyol 
osmolytes were able to stabilize proteins, and their stabilizing effects were a function of 
both the polyol concentration and molecular size.  
In addition to test treatments with individual stabilizers, the additive effect between 
and within stabilizers and destabilizers was observed in Anderson’s (2007) research, by 
mixing stabilizing and destabilizing compounds in a pepper leaf protein system. The 
additive effect was consistent with chemical chaperone effects on the overall free energy 
change resulting from the substitution of solvent with cosolvent in the protein-solvent-
cosolvent system. The combination effect was consistent with Baier and McClements 
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(2003), who reported that a combination of NaCl and sucrose can protect proteins from 
gelation induced by high temperature, although they have different stabilizing 
mechanisms. Later, Baier and McClements (2006) used a mixture of glycerol and 
sucrose, both of which are protein stabilizers, to treat bovine serum albumin under heat 
stress and found that the thermostability of BSA increased but the net increase varied 
with the ratio of these two additives. 
Although many theories and discussions have already been well developed, more 
work is in need.  One problem is that most of the research focused on an individual 
protein, which provides information specific to that single protein, such as commercial 
ovalbumin. Divergent conclusions between studies using different proteins may be drawn 
due to the specific properties and characteristics of the individual proteins. Protein 
mixtures can be used to address the problem, and in addition, better represent the real 
plant tissue which is much more complex than a single protein. Not limited to theoretical 
significance, the information about the additive effects is of value in chemical 
applications of protein stabilization. Optimal stabilization can be obtained by adjusting 
the ratio of stabilizing and destabilizing chaperones based on their effects on 
thermostability of proteins. Previous work has focused primarily on a single class of 
compounds or a simple solution of a single stabilizer/destabilizer. Limited information is 
available on the additive effects of mixtures, especially involving compounds from 
different chemical classes. Specifically, my objectives were to: 1) determine whether the  
effects of the stabilizers glucose and glycine on pepper leaf proteins are additive under 
heat stress; 2) determine whether  the effects of the stabilizing compound glycine and the 
destabilizing compound CHAPS are additive with respect to the thermostability of pepper 
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leaf proteins; and 3) determine whether  the effects of the stabilizing compound glycine 
and the destabilizing compound CHAPS are additive with respect to the thermostability 
of  commercial ovalbumin. 
 
Materials and Methods 
 PLANT CULTURE AND LEAF EXTRACT. ‘Early Calwonder’ pepper plants were 
grown in 24 cm diameter pots in a commercial potting mix (BM-1; Saint-Modeste, 
Quebec) amended with dolomite (3.6 g/L), triple superphosphate (0.7 g/L), Micromax 
(The Scotts Co., Marysville, Ohio) (0.6 g/L), and KNO3 (0.6 g/L). Plants were 
maintained in a controlled-environment chamber (model PGW36; Conviron, Winnipeg, 
Man., Canada),  at 24/20 °C day/night temperatures with a 14 hour photoperiod and a 
photosynthetic photon flux density at canopy height of about 400 μ·mol·m-2·s-1. Plants 
were watered with 0.7 g/L 20N-8.6P-16.6K soluble fertilizer as needed based on the 
medium darkness and the weight of the pot. Fully expanded leaves from 10-week-old 
plants were collected as the plant material. Deionized water at room temperature was 
used to hydrate the leaves after collection and during the transfer to the lab.  Fifteen 
grams of leaves without midrib was blended in the homogenization buffer consisting of 
225 ml MES buffer (50 mM, pH=6.0, with 1 mM EDTA) with 1.25 g PVPP.  Then, the 
leaf solution was filtered through Miracloth (Calbiochem, Madison, WI) and collected in 
a beaker containing an additional 1.25 g PVPP in 15ml MES buffer. Leaf extract was 
generated by collecting the supernatants from centrifugation at 16k gn, 21 ºC for 20 min. 
CHEMICALS. Glycine, glucose, CHAPS {3-[(3-Cholamidopropyl) dimethylammonio]-
1-propanesulfonate}, and PVPP (polyvinylpolypyrrolidone) from Sigma-Aldrich Co. (St. 
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Louis, MO) were used throughout this experiment. EDTA (ethylenediaminetetraacetic 
acid) and MES [2-(N-morpholino) ethanesulfonic acid] were purchased from Fisher 
Scientific (Fair Lawn, N.J.). 
SOLUTION TREATMENT. A 2x concentration of the cosolvent dissolved in MES 
buffer at 21 ºC was mixed with an equal volume of plant extract. In the experiments 
testing the glucose and glycine additive effects, 5 treatments were set as buffer (control), 
0.5 M glucose, 0.5 M glycine, 1 M glucose, 1 M glycine, and 0.5 M glucose + 0.5 M 
glycine. Treatments in the experiment testing additive effects of glycine and CHAPS on 
pepper leaf proteins were buffer (control), 2 M glycine, 10 mM CHAPS, and 2 M glycine 
+10 mM CHAPS. Concentration of CHAPS in testing glycine and CHAPS additive effect 
for commercial ovalbumin was adjusted to 15 mM. Treatments were buffer (control), 2 
M glycine, 15 mM CHAPS, and 2 M glycine +15 mM CHAPS. The solution of extract 
and compound was stirred using a magnetic stir bar for 30 minutes.   
HEAT TREATMENT. Temperature ranges, which cover the transition from clear state 
to cloudy state and then the precipitate state, were established according to preliminary 
experiments. In experiments of glucose and glycine, the temperature range was from 48 
to 58 ºC with 1 ºC interval. Temperature ranges from 44 ºC to 58 ºC, and from 56 ºC to 
75 ºC, with 1 ºC interval, were used in experiments testing the effect of glycine and 
CHAPS on pepper leaf proteins and on ovalbumin, respectively. A 21 ºC treatment was 
included in each concentration group as the control temperature treatment. Three 
subsamples of 3.4 ml solution from each group at each temperature were pipetted to 16-
mm diameter test tubes. Due to the limited volume of pepper leaf extract, 2 subsamples 
were used in the experiment studying glycine and CHAPS effects on pepper leaf proteins. 
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Test tubes were held in water baths at target temperatures for 15 min and then cooled to 
21 ºC. 
PROTEIN QUANTIFICATION. Protein concentrations in leaf extracts were 
determined using the Bradford assay (1976) with ovalbumin as a standard.  Non-heated 
leaf extract solutions were diluted to 1:5, 1:10, and 1:20 with MES buffer. Bradford 
reagent (3 ml) was added to each protein-containing cuvette and mixed by inversion 
before absorbance measurements at 595 nm were conducted at ambient temperature. 
SPECTROPHOTOMETRIC MEASUREMENT. A spectrophotometer (DU640B, 
Beckman) was used to measure apparent absorbance at 540 nm 4 hr after heat treatments. 
Unheated solutions from each treatment were filtered through 0.2 µm polyethersulfone 
membrane syringe filters for use as blanks. Apparent absorbance at 436, 540, and 679 nm 
of samples of each treatment before heat exposure were conducted using MES buffer as 
the blank to provide are reference across treatments. Readings at 436 nm and 679 nm 
corresponded with the absorbance maxima for chlorophyll, complementing nonspecific 
apparent absorbance at 540 nm.  
DATA ANALYSIS.  Each experiment was conducted with five independent replications 
(dates) with three subsamples per treatment combination in each replication. Analysis of 
variance was conducted using PROC GLM (SAS Institute, Cary, N.C.) to analyze the 
treatment effects with treatment by date as the error term. The interaction effect between 
treatment and temperature was analyzed with the error term of treatment by temperature 
by date.  When a significant treatment by temperature interaction was observed, 
Duncan’s New Multiple Range Test was conducted at the critical value of P≤0.05 to 
group the treatment effects at each temperature with treatment by date as the error term. 
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In a separate analysis of variance, treatment and interaction effects were tested at P≤0.05 
using PROC GLM for the apparent absorbance maxima temperature and precipitation 
temperature response variables.  Duncan’s New Multiple Range Test was conducted as 
appropriate to group treatment means using treatment by date as the error term at the 
critical value of P≤0.05.   
 
Results 
GLUCOSE AND GLYCINE.  The control pepper leaf extract without chemical 
chaperones exhibited a maximum apparent absorbance temperature of 51.7 °C (Fig. 5).  
Glycine and glucose at 0.5 M stabilized leaf proteins at high temperatures, resulting in 
maximum apparent absorbance temperatures of 53.3 °C and 53.7 °C, respectively.  
Maximum apparent absorbance temperatures for glucose and glycine at 0.5 M were not 
significantly different from each other, but were significantly higher than the control 
(Table 2).  At 1 M, glycine and glucose solutions reached a maximum apparent 
absorbance at 55.5 °C.  A mixture of glycine and glucose, both at 0.5 M, exhibited a 
maximum apparent absorbance at 55.0 °C, which was not significantly different from the 
compounds used singly at 1 M, but was significantly higher than the compounds at 0.5 
M.   
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 Figure 5. Additive effect of glucose and glycine on thermostability of pepper leaf 
proteins. Mean apparent absorbance values (± SE) at 540 nm (AA540 nm) versus 
temperature (˚C) are presented for five replications with two subsamples (n=10). 
 
Table 2. Temperatures (°C) yielding apparent absorbance maxima (AAmax) at 540 nm for 
pepper leaf extracts containing glucose or glycine singly or in combination.  Solutions 
were exposed to elevated temperatures for 15 min in circulating water baths, then held at 
ambient temperature for 4 h before assay.  Mean values for five replications with two 
subsamples are presented. 
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Treatment AAmax (oC) 
Glycine (1.0 M) 55.5 a z 
Glucose (1.0 M) 55.5 a 
Glycine (0.5 M)+ Glucose (0.5 M) 55 a 
Glucose (0.5 M) 53.67 b 
Glycine (0.5 M)  53.33 b 
Control  51.67 c 
z Means followed by the same letter are not significantly different based on  Duncan’s 
new multiple range test at P ≤ 0.05. 
 
GLYCINE AND CHAPS:  PEPPER LEAF PROTEINS. The control pepper leaf 
extract without chemical chaperones reached the maximum apparent absorbance at a 
temperature of 51.2 °C (Fig. 6).  Glycine (2 M) and CHAPS (10 mM) exhibited 
maximum apparent absorbance temperatures at 54.8 °C and 46.4 °C, 3.6 °C and 4.8 °C 
greater and smaller compared with the control, respectively. A mixture of glycine (2 M) 
and CHAPS (10 mM) showed a maximum apparent absorbance at 48.2 °C, which is 
between the apparent absorbance maxima temperature of CHAPS and the control. The 
Duncan’s multiple range test grouped the four treatments as individual groups (Table 3).  
 
Figure 6. Additive effect of glucose and CHAPS on thermostability of pepper leaf 
proteins. Mean apparent absorbance values (±SE) at 540 nm (AA540 nm) versus 
temperature (˚C) are presented for five replications with two subsamples (n=10). 
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 Table 3. Temperatures (°C) yielding apparent absorbance maxima (AAmax) at 540 nm for 
pepper leaf extracts containing CHAPS or glycine singly or in combination.  Solutions 
were exposed to elevated temperatures for 15 min in circulating water baths, then held at 
ambient temperature for 4 h before assay.  Mean values for five replications with two 
subsamples are presented. 
 
 
 
 
 
 
Treatment AAmax (oC) 
Glycine (2 M) 54.8 a z 
Control 51.2 b 
Glycine (2 M)+CHAPS (10 mM)  48.2 c 
CHAPS (10 mM)  46.4 d 
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z Means followed by the same letter are not significantly different based on Duncan’s 
new multiple range test at P ≤ 0.05. 
 
GLYCINE AND CHAPS:  OVALBUMIN. The ovalbumin control without chemical 
chaperones reached the maximum apparent absorbance at a temperature of 64 °C (Fig. 7). 
Glycine (2 M) and CHAPS (15 mM) exhibited maximum apparent absorbance 
temperatures at 68 °C and 61 °C, respectively. A mixture of glycine (2 M) and CHAPS 
(15 mM) showed a maximum apparent absorbance at 64 °C, which is significantly 
different from the glycine and CHAPS treatments, but the same as the control (Table 4).   
 
Figure 7. The additive effect of glucose and CHAPS on thermostability of ovalbumin.  
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Mean apparent absorbance values (± SE) at 540 nm (AA540 nm) versus temperature (˚C) 
are presented for five replications with three subsamples (n=15). 
 
Table 4. Temperatures (°C) yielding apparent absorbance maxima (AAmax) at 540 nm for 
ovalbumin containing CHAPS or glycine singly or in combination.  Solutions were 
exposed to elevated temperatures for 15 min in circulating water baths, then held at 
ambient temperature for 4 h before assay.  Mean values for five replications with three 
subsamples are presented.  
 
Treatment AAmax (oC) 
Glycine (2 M) 68 a z 
Glycine (2 M)+CHAPS (15 mM) 64 b 
Control  64 b 
CHAPS (15 mM)  61 c 
 
 
 
 
 
z Means followed by the same letter are not significantly different based on  Duncan’s 
new multiple range test at P ≤ 0.05. 
 
Discussion 
MECHANISM OF ADDITIVE EFFECT BETWEEN GLYCINE AND GLUCOSE.   
Glycine and glucose provided equivalent protection at the same concentration, and their 
effect was additive when combined in a mixture of the two chemical chaperones. 
Although chemicals of different classes were tested, the principle that the polarity of the 
compound is a key indicator for the stabilizing effect was supported by our study. 
75 
 
Glucose and glycine share the similar log Kow values of -3.24 and -3.21, respectively, by 
which similar hydrophilicity can be concluded and the same ability to induce the 
preferential hydration layers for protein molecules can be suggested.  
The enhanced thermostability of proteins results from the hydration layer on the 
surface of the protein molecules induced by the cosolvent in the system. The preferential 
hydration theory was introduced by Timasheff (2002), which focuses on the relationship 
of affinities to protein molecules between cosolvent and water molecules. The 
mechanism behind the equivalent stabilizing effect is based on their equivalent ability to 
increase the surface tension of water in the protein-solvent-cosolvent system. The high 
surface potential drives the exclusion of the cosolvent from the protein surface, as well as 
the binding of water molecules to proteins. Also, in terms of hydrophilicity and polarity 
of the cosolvent, compounds of high polarity are favored to bind to water molecules 
instead of to protein molecules, favoring formation of a hydration layer. Therefore, the 
hydration layer can be induced by the addition of polar compounds, and the 
corresponding stabilizing effect on protein molecules results. In our study, the equivalent 
stabilizing effect by glycine and glucose on pepper leaf proteins likely resulted from their 
similar polarity and hydrophilicity, and therefore equivalent preferential hydration. 
The preferential hydration effects can be further explained by similar abilities 
between glucose and glycine to be replaced at the interacting loci on proteins. Interacting 
loci are sites on protein surfaces where water and cosolvent components exchange. 
Preferential interaction includes preferential hydration or preferential binding of ligand, 
which is determined by their relative affinities to interacting loci. In the process of 
preferential hydration, the affinities between water molecules and interacting loci are 
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greater than that for the cosolvents and an excess of water binds to the protein domain. 
Therefore, the same stabilizing effect introduced by the glycine and glucose can reveal 
their same ability to stabilize the hydration layer of protein molecules and similar 
affinities to interacting loci on protein molecules. Furthermore, a more important 
conclusion can be drawn from their additive effects.  The additive effect resulting from 
the additive affinity at interacting loci on protein molecules reveals a non-competitive 
interaction between glucose and glycine when they are replaced by water molecules on 
the interacting loci of proteins. 
 
ADDITIVE EFFECT OF GLYCINE AND CHAPS. The additive effects of the 
stabilizer glycine and destabilizer CHAPS were tested on pepper leaf proteins and 
commercial ovalbumin. The amino acid glycine is considered to be a general stabilizer 
since it can bind with water efficiently and increase the surface tension of the solution, 
which induces the exclusion of the cosolvent and therefore preferential hydration 
(Timasheff, 2002).  Zwitterionic CHAPS possesses both a hydrophobic region and a 
charged area on the monomeric molecule. The addition of CHAPS reduces preferential 
hydration by the disfavored water binding of the hydrophobic part of the monomers. The 
monomeric CHAPS molecule has a hydrophobic tail as well as a hydrophilic head which 
contains both positively and negatively charged groups at physiological pH. Both the 
electrostatic interactions with the charged surface of the protein molecules and 
hydrophobic interactions with the hydrophobic core of proteins can be induced. Thus, 
under the combination treatment of CHAPS and glycine, the destabilizing effect caused 
by CHAPS can be counter-acted by the stabilization of the hydration layer induced by 
glycine. In the same way, the stabilizing effect of glycine can be disturbed by the direct 
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interaction with protein molecules resulting from CHAPS. Although the additive effects 
of glycine and CHAPS were demonstrated with both the pepper leaf proteins and 
commercial ovalbumin in our study, the results are quantitatively different. In the 
commercial ovalbumin system, which is the single purified protein, the additive effect is 
numeric. It can be interpreted that the destabilizing effect by binding of CHAPS on 
ovalbumin can be cancelled out by the hydration layers induced by the addition of the 
glycine. The affinity of CHAPS to ovalbumin maintains a numeric balance with the 
preferential exclusion force provided by glycine.  
However, in the case of the pepper leaf protein system, which contains all soluble 
proteins as well as other unpurified soluble compounds, the additive effect of glycine and 
CHAPS is not numeric. The numeric balance of the CHAPS binding with the exclusion 
force in the case of ovalbumin fails to hold for pepper leaf proteins, suggesting that the 
properties of ovalbumin are not identical to the average properties of pepper leaf proteins. 
The affinity of CHAPS to a pepper protein mixture is greater than the exclusion force by 
the generated hydration layer induced by glycine. Subsequently, the destabilizing effect is 
more dominant than the preferential hydration. The additive effect of glycine and CHAPS 
is likely to be highly related to the composition and properties of the proteins tested. 
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CHAPTER IV 
 
 
EFFECTS OF CATIONIC, ANIONIC, ZWITTERIONIC AND NONIONIC 
DETERGENTS ON THERMOSTABILITY OF PEPPER LEAF PROTEIN 
 
Abstract 
Effects on solubility-based thermostability of pepper leaf proteins by detergents 
representing four classes were studied. For the cationic detergent CTAB, thermostability 
of pepper leaf proteins decreased with increasing CTAB concentration up to about 1 mM. 
However, CTAB at 2 and 5 mM prevented turbidity and precipitation to 100 °C.  The 
transition from CTAB monomers to micelles occurred at approximately 0.7 mM.   The 
anionic detergent SDS reduced pepper protein thermostability at concentrations up to 
0.15 mM. Higher SDS concentrations increased thermostability with 11 °C protection 
provided by 0.35 mM.  Unlike CTAB, the transition from destabilization to stabilization 
occurred over a lower concentration range than the transition from monomers to micelles 
(2 mM).  In contrast with CTAB and SDS, the nonionic detergent Tween 20 and the 
zwitterionic detergent CHAPS showed no significant stabilization of pepper leaf proteins 
at elevated temperatures.  Protein thermostability was not significantly different from 
controls at Tween 20 concentrations up to 0.1 mM and up to 1 mM CHAPS.  Higher 
detergent concentrations reduced protein thermostability. Destabilization approached
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maxima at concentrations near the critical micelle concentrations for Tween 20 (1.1 mM) 
and CHAPS (4.4 mM).  
 
Introduction 
Detergents are widely used in solubilization, purification, extraction and denaturation 
of proteins, both in industrial areas and biological research. Studies on the interaction 
between detergent and protein have been conducted for many years and are not only of 
practical importance but also of theoretical significance. Detergents can be classified into 
four categories based on the nature of the hydrophilic head group:  nonionic detergents 
with no charge, cationic detergents that are positively charged, negatively charged 
anionic detergents, and zwitterions containing oppositely charged groups. The different 
detergent groups interact differently with proteins. The denaturing activity of ionic 
detergents is influenced by pH and ionic strength of the system. However, nonionic 
detergents can maintain the protein’s structure and function due to their neutral charges 
but may lower the activity of proteins in the process of protein separation (Jimenez and 
Garcia-Carmona, 1996). Zwitterionic detergents combine the features of ionic and 
nonionic ones. They are less likely to denature proteins than ionic ones and can be more 
efficient than nonionic detergents in disrupting protein-protein bonds. For example, the 
stability of mushroom tyrosinase after treatment with different classes of detergents was 
tested by Yang et al. (2007). In the presence of anionic sodium di-2-
ethylhexylsulfosuccinate (Aerosol OT, AOT) and nonionic polyoxyethylene (2) cetyl 
ether (Brij52), a higher value of Vmax/Km of tyrosinase was observed, suggesting 
enhanced activity of that enzyme. However, cationic CTAB increased the value of Km, 
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resulting in a decrease in the Vmax/Km ratio, showing an inhibitory effect on its activity. 
Thermostability was also tested. Brij 52 was found to stabilize mushroom tyrosinase even 
at a higher temperature. AOT can moderately stabilize the enzyme. Mushroom tyrosinase 
was least stable in the presence of CTAB. 
The relationship between protein stability and properties of monomeric detergents is 
complex. Besides the electrostatic interactions between the surfactant head group and the 
charged amino acid residues of a protein, the hydrophobic interactions between the alkyl 
chains of surfactant molecules and hydrophobic pockets of the protein should also be 
considered (Savelli et al., 2000), as well as other properties of monomeric surfactants 
such as the head group size and the hydrophobic/hydrophilic balance. For ionic 
detergents, the environment of the enzyme-detergent complex is also a significant factor. 
The mushroom tyrosinase used in Yang’s (2007) research was negatively charged 
because the surrounding pH was adjusted to 6.0 by Tris, higher than its isoelectric point 
at 4.8. In that case, the addition of AOT that brings in the Na+ can greatly increase the 
ionic strength and enhance its interaction with the enzyme molecule.  
Micelle structure, the key feature of a detergent, exists when the critical micelle 
concentration (cmc) of the detergent is reached. In solution, micelle structure is 
thermodynamically favored by exposing the hydrophilic heads of the surfactant 
molecules at the surface of the micelle to contact with water and burying the hydrophobic 
tails, which can bond with the hydrophobic surface of a protein inside the micelle 
structure to avoid the contact with water. However, types of micelles, such as spherical, 
cylindrical and inverted micelles, are not fixed and can exist simultaneously at certain 
concentrations and system compositions. Micelle structures formed by 
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cetyltrimethylammonium bromide (CTAB) are of different types at different 
concentrations. Choudhury and co-workers (1994) employed positron lifetime 
spectroscopy (PLS) to detect structural transformations in the CTAB/water and 
CTAB/water/hexanol systems. In the CTAB/water system, the surfactant molecules 
dispersed homogenously in a monomeric form at concentrations up to 0.7 mM, at which 
point an abrupt change in physicochemical properties (including surface tension and 
viscosity) was detected due to the formation of micelles. With increasing CTAB 
concentration, the size and number of spherical micelles grew. However, growth had a 
limitation in that the micelle radius can never exceed the length of the carbohydrate chain 
of CTAB. As a result, the micelles deformed from spherical structures into prolate shapes 
beginning at 10 to 15 mM and were highly deformed at 100 mM. At 125 mM, rod-like 
structures appeared and were transformed into entangled rods at 400 mM. When the 
concentration of CTAB exceeded 1000 mM, hexagonal liquid crystalline structures were 
formed. This result is in agreement with previous studies using small angle neutron 
scattering (SANS) and small angle X-ray scattering (SAXS) methods (Choudhury et al., 
1994). Analysis using PLS also worked well in the CTAB/hexanol/water system but was 
limited to the concentration range from 0 to 120 mM due to the phase separation of 
CTAB micelles. Similarly, two cmc values were detected by Guo et al. (2003). One cmc 
was the concentration when micelles formed from monomers. The other was when a 
mixture of spherical micelles appeared. In the water system, cmc1 for CTAB equaled 1 
mM and cmc2 was approximately 10 mM. 
Interactions among micelles have been studied by several researchers.  In a nonionic 
surfactant system, the major interactions between micelles are van der Waals attractive 
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forces (Hayter and Zulauf, 1982), which can be weakened by high temperatures. 
However, the interactions between charged micelles in an ionic system contain the 
electronic repulsion forces and the solvation effect besides the van der Waals forces, 
which is more complicated. Kumar et al. (2000) tested the cloud point, the temperature 
above which the micelle-rich phase and monomer-rich phase separate, under different 
SDS concentrations and with a series of organic additives. It was reported that the alkyl 
chains of the organic compounds were embedded in the micelle core due to hydrophobic 
effects but the rest of the chains that are left outside the micelle can further interact with 
other alkyl chains which are attached to a different micelle. Such interactions bring 
micelles closer and add a new attractive force. This force can be enhanced by adding a 
longer alkyl chain-organic compound, increasing the concentration of additives, or 
lowering the concentration of detergent. This conclusion was confirmed by Musarat 
(2007) with Triton X100 and mixed systems using cationic and anionic surfactants.  
The interaction between micelle structure and protein molecules is another important 
topic in research. For example, the interaction between sodium dodecyl sulfate (SDS) and 
protein stability has been studied for many years. Sodium dodecyl sulfate is an anionic 
surfactant that can be used as protein denaturant by binding its sulfate group to the 
positive side chain of proteins and by the interaction between its alkyl chain and 
hydrophobic parts of the protein. Moren and Khan (1995) evaluated the anionic property 
of SDS. They tested its interaction with the positively charged protein lysozyme. When a 
small amount of SDS was added, precipitation occurred in the aqueous lysozyme solution 
based on charge neutralization. However, when they increased the concentration of SDS 
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to an SDS: protein ratio of 19:1, where the positive sites of the protein were saturated, the 
precipitate was redissolved.  
The interaction between SDS and proteins can also be studied in terms of its anionic 
property. Enzyme activation by SDS is a pH dependent phenomenon (Moore and 
Flurkey, 1989; Jimenez and Garcia-Carmona, 1996). An acidic environment can 
eliminate the activity of enzymes in the presence of SDS, while in the neutral 
environment, SDS can activate enzymes. Several enzymes have been tested, such as 
cresolase and catecholase. Jimenez and Garcia-Carmona (1996) concluded that this type 
of activation is independent of substrate.  
Aiming to explain the mechanism of the pH effect, scientists expanded their work to 
CTAB, a type of cationic surfactant. Sen et al. (1980) set the pH at 6.0, a value greater 
than the pKa of gelatin, and compared the interactions with CTAB and SDS. 
Cetyltrimethylammonium bromide bound to gelatin favorably due to the electrostatic 
attraction between its positive charges and the negative state of gelatin, while the anionic 
SDS contributed electrostatic repulsion rather than binding. These results illustrate the 
more complicated interactions between ionic detergents and proteins, compared with 
nonionic detergents. How proteins can be bound to detergents is dependent on the relative 
ratio of electrostatic forces to hydrophobic interactions. An equilibrium state is reached 
by the balance between the hydrophobic interaction and the electrostatic force. In other 
words, one can adjust the ionic strength of the medium by changing the pH or adding 
electrolytes to maximize the ionic detergent’s binding to proteins. For example, 10 mM 
NaBr at pH 6.5 can increase the affinity of CTAB to α-amylase compared with pH 9.7 
(Bordbar et al., 2005). In regard to hydrophobic interactions, CTAB was found to be 
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more efficient in binding with lysozyme than dodecyltrimethylammonium bromide 
(DTAB), due to its stronger hydrophobic interactions resulting from its longer 
hydroxycarbon tail exposed on the surfactant molecules (Subramanian et al., 1984).  
Studies of the free energy change during CTAB aggregation in the system with 
ethanol were conducted by Li et al. (2006). They explained the phenomena of CTAB’s 
increased cmc value and decreased aggregation number exhibited in the CTAB/ethanol 
system by using Nagarajan’s (1991) model.  This model defined the free energy change 
in the formation of the micelle as the sum of the free energy changes in transferring tails 
from solvent to micelle core and in the process of the tails’ deformation within the core, 
interfacial free energy change between micelles and solvent, steric repulsion between 
surfactant heads, and the electrostatic interactions between the charged groups. 
Nagarajan’s (1991) model worked well in the CTAB/ethanol system and no significant 
differences were noted between the experimental values and predicted values.  The cmc 
values increase when the carbohydrate tail of CTAB transfers into the micelle. Higher 
fraction of ethanol in the system can also enhance the value of cmc by strengthening the 
ionic interaction between CTAB’s head groups, which contributes to a smaller 
aggregation number of CTAB micelles. 
Cetyltrimethylammonium bromide can denature proteins by altering surface tension 
and influencing hydrophobic interactions, leading to a loss of biological activity of 
proteins. However, CTAB can also facilitate the protein-refolding process. In research 
aiming at improving the refolding yield of recombinant or native lysozyme, Wang et al. 
(2005) reported that CTAB was more productive in assisting refolding of urea-denatured 
lysozyme than the artificial chaperone β-cyclodextrin. This was caused by protecting 
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denatured lysozyme from aggregation with the CTAB-lysozyme complexes formed by 
hydrophobic interactions. Dissociation of the complex was accomplished by treatment 
with refolding buffer containing the reduced and oxidized forms of glutathione which 
facilitated the formation of disulfide linkages, making contact possible between 
denatured lysozyme and refolding buffer.  The interactions between CTAB and α-
chymotrypsin can be revealed by means of the solvation speed using the probe dansyl 
chloride (Sarkar et al., 2005). Cetyltrimethylammonium bromide’s ability to bind protein 
and DNA was also studied by Gani et al. (1999). They tested the binding site numbers 
exposed on CTAB micelles in individual solutions of protein or DNA and their mixture. 
They found that the CTAB-DNA-protein ternary system can release more binding sites 
than any of the individual protein and DNA systems. In addition, the states of protein and 
DNA have a significant influence on the binding of CTAB. The denatured protein and 
DNA systems have a greater ability to bind CTAB micelles than systems that contain the 
native protein or DNA molecules.   
The relationship between surfactant and thermostability of proteins is also of 
interest. In experiments with SDS, very low concentrations had no influence on 
thermostability of proteins due to electrostatic binding with specific and limited sites of 
protein molecules. When the concentration approached cmc, SDS decreased the 
thermostability of protein by disturbing the hydrophobicity of the protein. However, 
when micelle structure formed at concentrations above cmc, protein molecules were 
captured and covered by micelle structure, inhibiting denaturation of protein and 
increasing thermostability (Moren and Khan, 1995). The same phenomena were also 
described using CHAPS and a mixture of SDS and Tween 20 in a study conducted by 
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Vermeer et al. (2000). It was reported that the secondary structure was influenced by the 
addition of detergent, increasing the ratio of α-helix to β-sheet. The ability of detergent 
micelles to bind the protein can also influence the protein’s solubility.  The process of 
increasing solubility of protein by incorporation into detergent micelles is referred to as 
solubilization. Banerjee et al. (1995) tested the ability of different types of detergents in 
solubilizing protein. They proposed a more detailed classification for detergents based on 
their structure and charge, including negatively charged detergent, positively charged 
detergent, zwitterionic detergent, H-bond formation detergent, and hydrophobic detergent 
with long polyoxyether chains and aromatic rings. There are two sub-classes describing 
the long flexible chain structure and rigid structure existing in the first three classes 
referred to above, which offer activity differentiation attributed to these structures. For 
example, in the comparison of membrane protein extraction abilities between CHAPS, a 
zwitterionic detergent with a rigid structure and Triton X100, a nonionic hydrophobic 
detergent with a long polyoxyether chain and aromatic rings, Triton X100 extracts more 
protein and fewer lipids than CHAPS despite similar cmc values. It was concluded that 
extract yield is determined more by the ratio of detergent to proteins instead of the 
detergent’s cmc value. The same principle was also applied by Bennett (1992) in his 
research to determine the characters of the components in synaptic vesicle membrane 
proteins. He used three detergents (CHAPS, Triton X 100 and octylglucoside) to 
solubilize and recover the protein complex and distinguish different synaptic vesicle 
fractions by their different sedimentation rates and recovery efficiency. 
Although many theories and discussions have attempted to explain specific pair-
wised combinations among various single proteins and different types of detergents, 
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considerations of interactions between detergent and protein mixtures have seldom been 
taken into account. Protein mixtures can reflect the average properties of the proteins and 
are also significant in practice. The information available so far does not give a clear 
interpretation of the interaction between protein mixtures and surfactant types (nonionic, 
anionic, and cationic). To extend the previous research done by Vermeer (2000) in testing 
the relationship between SDS and Ig G, the surfactants tested were extended to nonionic 
Tween 20, anionic SDS, and the cationic CTAB, interacting with a pepper leaf protein 
mixture. My objectives were to: 1) determine the relationship between thermostability of 
pepper leaf proteins and detergent treatments of different classes and various 
concentrations; and 2) define the relationship between micelles and stabilizing effect on 
pepper leaf proteins. 
 
Materials and Methods 
PLANT CULTURE AND LEAF EXTRACT. ‘Early Calwonder’ pepper plants were 
grown in 24 cm diameter pots in a commercial potting mix (BM-1; Saint-Modeste, 
Quebec) amended with dolomite (3.6 g/L), triple superphosphate (0.7 g/L), Micromax 
(The Scotts Co., Marysville, Ohio) (0.6 g/L), and KNO3 (0.6 g/L). Plants were 
maintained in a controlled-environment chamber (model PGW36; Conviron, Winnipeg, 
Man., Canada),  at 24/20 °C day/night temperatures with a 14 hour photoperiod and a 
photosynthetic photon flux density at canopy height of about 400 µ·mol·m-2·s-1. Plants 
were watered with 0.7 g/L 20N-8.6P-16.6K soluble fertilizer as needed based on the 
darkness of the soil surface and the weight of the pot. Fully expanded leaves from 10-
week-old plants were collected as the plant material. 
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Deionized water at room temperature was used to hydrate the leaves after collection 
and during the process of transfer to the lab.  Fifteen grams of leaves without midrib was 
blended in the homogenization buffer consisting of 225 ml MES buffer (50 mM, pH=6.0, 
with 1 mM EDTA) with 1.25 g PVPP.  Then, the leaf solution was filtered through 
Miracloth (Calbiochem, Madison, WI) and collected in a beaker containing an additional 
1.25 g PVPP with 15 ml MES buffer. Leaf extract was generated by collecting the 
supernatants from centrifugation at 16k gn, 21 ºC for 20 min. 
CHEMICALS. Tween 20 (Polysorbate 20), SDS (Sodium dodecyl sulfate), CTAB 
(Cetyltrimethylammonium bromide), and PVPP (polyvinylpolypyrrolidone) from Sigma 
(St. Louis, MO) were used throughout this experiment. EDTA 
(ethylenediaminetetraacetic acid) and MES [2-(N-morpholino) ethanesulfonic acid] were 
purchased from Fisher Scientific (Fair Lawn, N.J.). Eosin Yellowish was purchased from 
the Coleman & Bell Company (Norwood, MA). Cadmium red light paint was produced 
by Duro Art Supply Company (Chicago, IL). 
 
SOLUTION TREATMENT. A 2x concentration of the cosolvent dissolved in MES 
buffer at 21 ºC was mixed with an equal volume of plant extract. Groups were set based 
on different concentrations of SDS or CTAB. In the experiments testing the SDS dose 
effect,  groups were MES buffer without cosolvent as the control, 0.01, 0.05, 0.10, 0.15, 
0.20, 0.25 0.30, and 0.35 mM SDS. In CTAB experiments, the groups were MES buffer 
as control, 0.005, 0.05, 0.5, 1, 2 and 5 mM. The combination of leaf extract and detergent 
was stirred for 45 minutes.  The extended stirring time, compared with previous 
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experiments, was used because certain concentrations of CTAB-extract mixtures (2, 5 
and 10 mM) were initially cloudy, but cleared over time at ambient temperature.   
HEAT TREATMENT. The whole temperature range for SDS was from 44 ºC to 67 ºC 
with 1 ºC interval. Due to the limit of the extract volume, temperature ranges for each 
individual solution treatment varied, based on the state transition temperature exhibited in 
preliminary experiments. In experiments with CTAB, for example, temperatures from 42 
ºC to 54 ºC with 1 ºC intervals were tested but the range was different for other detergent 
treatments. The 21 ºC treatment was included as the control temperature. Three 
subsamples of 3.4 ml solution from each group at each temperature were pipetted to16-
mm diameter test tubes. Test tubes were held in water baths for 15 min at target 
temperatures and then cooled to 21 ºC. 
PROTEIN QUANTITATION. Protein concentrations in leaf extracts were determined 
using the Bradford assay (1976) with ovalbumin as a standard. Non-heated leaf extract 
solutions were diluted to 1:5, 1:10, and 1:20 with MES buffer. Bradford reagent (3 ml) 
was added to each protein-containing cuvette and mixed by inversion before absorbance 
at 595 nm was measured at ambient temperature. 
SPECTROPHOTOMETRIC MEASUREMENT. A spectrophotometer (DU640B, 
Beckman) was used to measure apparent absorbance at 540 nm 4 hr after heat treatment. 
Un-heated solutions from each treatment were filtered through 0.2 µm syringe filter at 21 
ºC as blanks. Apparent absorbance at 436, 540, and 679 nm of samples of each treatment 
before heat exposure were conducted using MES buffer as the blank. 
CMC MEASUREMENT. The cmc value of CTAB in pepper leaf protein solutions was 
measured using a modification of the dye solubility procedure (Courtney et al., 1986).  
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Briefly, 2 mg cadmium red light paint (Duro, Chicago) was added to the bottom of 16-
mm diameter test tubes. CTAB at 0, 0.005, 0.05, 0.1, 0.5, 1, 2, 5or 10 mM was added and 
vortexed every 10 min for 2 hours.  Percent transmission at each CTAB concentration 
was measured at 540nm. For SDS, the absorbance of chlorophyll in the SDS-extract 
mixture was measured at wavelengths of 415, 437, 671, and 679 nm to detect spectral 
shifts associated with micelle formation (Harris, 1958). The cmc for SDS was also 
estimated using the paint solubility assay.  Eosin Y was used to measure the cmc value 
for both CHAPS and Tween 20 (Patist et al., 2000). Spectral shifts were detected by 
measuring absorbance at 518 and 528.5 nm.  
DATA ANALYSIS.  Each experiment was conducted with five independent replications 
(dates) with three subsamples per treatment combination in each replication, except the 
SDS experiment, which had two subsamples due to the limitation of the pepper leaf 
extract. Analysis of variance was conducted using PROC GLM (SAS Institute, Cary, 
N.C.) to analyze the treatment effects with treatment by date as the error term. The 
interaction effect between treatment and temperature was analyzed with the error term of 
treatment by temperature by date. When a significant treatment by temperature 
interaction was observed, Duncan’s new multiple range test was conducted at the critical 
value of P≤0.05 to group the treatment effects at each temperature with treatment by date 
as the error term. In a separate analysis of variance, treatment and interaction effects were 
tested at P≤0.05 using PROC GLM for the apparent absorbance maxima temperatures in 
the SDS experiment and precipitation temperature response variables in the CTAB 
experiment.  Duncan’s new multiple range test was conducted as appropriate to group 
treatment means using treatment by date as the error term at the critical value of P≤0.05.   
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 Results 
DOSE EFFECT OF CTAB ON THERMOSTABILITY OF PEPPER LEAF 
PROTEIN.  Dual effects of CTAB in stabilizing pepper leaf protein under high 
temperatures were exhibited. A destabilizing effect on protein thermostability was 
observed as concentrations increased from 0.005 mM to 1 mM (Table 5) with 
precipitation temperatures decreasing from 53.0 ºC to room temperature (21 ºC). Lower 
precipitation temperature which is beyond our temperature range can be expected. No 
turbidity or precipitation was observed at the concentrations of 2 mM and 5 mM, 
indicating a strong stabilizing effect at these concentrations. In our experiments, 100 oC 
was the highest temperature treatment. Higher precipitation temperatures in high 
concentration treatments can be expected beyond our experimental temperature range. 
The transition state was between the concentrations of 1 mM and 2 mM, which 
corresponded with CTAB’s cmc value of 0.7 mM in this system. 
 
Table 5. Temperatures (°C) yielding apparent absorbance maxima (AAmax) at 540 nm for 
pepper leaf extracts containing CTAB.  Solutions were exposed to elevated temperatures 
for 15 min in circulating water baths, and then held at ambient temperature for 4 h before 
assay.  Mean ± SE from 3 subsamples and 5 replications are presented.  
CTAB (mM) Temperature (oC) 
0 52.4±0.2 az 
0.005 53.0±0.3 a 
0.05 45.6±0.4 b 
0.5 X 
1 X 
2 Y 
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5 Y 
X= precipitation was observed at all temperatures, including the control temperature of 
21 oC, the lowest temperature in this experiment. 
Y= no turbidity or precipitation formed at all temperatures, included 100 oC, the highest 
temperature in this experiment. 
Z Means in the column with the same letter are not significantly different by Duncan’s 
new multiple range test with P ≤ 0.05.  
 
DOSE EFFECT OF SDS ON THERMOSTABILITY OF PEPPER LEAF 
PROTEIN.  Dual effects of SDS on pepper leaf protein thermostability were exhibited. 
A destabilizing effect on pepper leaf proteins under high temperature treatment was 
observed as concentrations increased from 0.005 mM to 0.15 mM (Fig. 8). The greatest 
destabilizing effect was observed at 0.15 mM with a mean AA540nm temperature 3.6 ºC 
lower than the control. A stabilizing effect was observed at SDS concentrations from 0.25 
mM to 0.35 mM, with the concentration range from 0.15 to 0.25 mM as transition 
concentrations (Table 6). The stabilizing effect increased with the continually increasing 
SDS concentrations. The highest value was observed at 0.35 mM SDS with 11 ºC higher 
than control in AA540nm temperature. The cmc measured was 2 mM in the system. 
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 Figure 8. Dose- response of SDS on thermostability of pepper leaf proteins.  
Deviation temperatures from the control at mean maximum apparent absorbance values 
(± SE) at 540 nm (AA540 nm), versus SDS concentration (mM) are presented for five 
replications with two subsamples (n=10). 
 
Table 6.  Temperatures (°C) yielding apparent absorbance maxima (AAmax) at 540 nm for 
pepper leaf extracts containing SDS.  Solutions were exposed to elevated temperatures 
for 15 min in circulating water baths, and then held at ambient temperature for 4 h before 
assay.  Mean ± SE from 3 subsamples and 5 replications are presented.  
SDS (mM) Temperature (oC) 
0 51.8 c d 
0.01 51.25 d 
0.05  51 d e 
0.1  49.4 e f 
0.15  48.2 f 
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0.2  50.4 d e 
0.25  53.2 c 
0.3  58.6 b 
0.35  62.8 a z 
z Means followed by the same letter are not significantly different based on  Duncan’s 
new multiple range test at P ≤  0.05. 
 
DOSE EFFECT OF TWEEN 20 ON THERMOSTABILITY OF PEPPER LEAF 
PROTEIN.  Dual effects of Tween 20 in stabilizing pepper leaf protein under high 
temperatures were exhibited (Fig. 9). No significant stabilizing effects on pepper leaf 
protein under high temperature treatment were observed (Table 7). Within the 
concentration range from 0.1 mM to 1 mM, a significant destabilizing trend was 
observed. There were no significant differences between 1 mM and 10 mM treatments in 
destabilizing effects. Transition exhibited at Tween 20 concentrations between 0.01 and 
0.1 mM. Critical micellar concentration was measured as 1.1 mM in the system. 
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Figure 9. Dose- response of Tween 20 on thermostability of pepper leaf proteins.  
Deviation temperatures from the control at maximum mean apparent absorbance values 
(± SE) at 540 nm (AA540 nm), versus Tween 20 concentration (mM) are presented for five 
replications with three subsamples (n=15). 
 
Table 7. Temperatures (°C) yielding apparent absorbance maxima (AAmax) at 540 nm for 
pepper leaf extracts containing Tween 20.  Solutions were exposed to elevated 
temperatures for 15 min in circulating water baths, and then held at ambient temperature 
for 4 h before assay.  Mean ± SE from 3 subsamples and 5 replications are presented.  
Tween 20 (mM) Temperature (oC) 
0 52.6 a 
0.001 52.8 a 
0.01 53.2 a z 
0.1  52.4 b 
1  49.4 b 
10  49.4 b 
z Means followed by the same letter are not significantly different based on  Duncan’s 
new multiple range test at P ≤ 0.05. 
 
DOSE EFFECT OF CHAPS ON THERMOSTABILITY OF PEPPER LEAF 
PROTEIN.  A significant destabilizing effect by CHAPS on pepper leaf proteins under 
high temperatures was exhibited (Table 8). As concentrations increased from 1 mM to 5 
mM, the AA540 nm temperatures decreased with increasing concentration of CHAPS and 
reached a minimum 5.6 ºC lower than the control at 5 mM (Fig. 10). There were no 
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significant differences between 3 mM and 5 mM treatments. Within the concentration 
range from 0 mM to 1 mM, no significant changes were observed, although a minor 
increasing trend was observed. Critical micellar concentration was measured as 4.4 mM 
in the system. 
  
Figure 10. Dose- response of CHAPS on thermostability of pepper leaf proteins.  
Deviation temperatures from the control at maximum mean apparent absorbance values 
(±SE) at 540 nm (AA540 nm), versus CHAPS concentration (mM) are presented for five 
replications with three subsamples (n=15). 
 
Table 8. Temperatures (°C) yielding apparent absorbance maxima (AAmax) at 540 nm for 
pepper leaf extracts containing CHAPS.  Solutions were exposed to elevated 
temperatures for 15 min in circulating water baths, and then held at ambient temperature 
for 4 h before assay.  Mean ± SE from 3 subsamples and 5 replications are presented.  
CHAPS (mM) Temperature (oC) 
0.5 52.8 a z 
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1 52.6 a 
0  52.5 a 
2  50.6 b 
3  47.6 c 
5  47 c 
z Means followed by the same letter are not significantly different based on  Duncan’s 
new multiple range test at P ≤ 0.05. 
 
Discussion 
CATIONIC CTAB. In the experiment to test the dual effects of CTAB in stabilizing 
pepper leaf protein under high temperatures, the formation of the CTAB micelle was 
suggested to be highly related to the transition of the destabilizing and stabilizing effects.  
The CTAB monomer can be concluded as the destabilizer for pepper leaf proteins and the 
CTAB micelle acts as the stabilizer. The electrostatic interaction is dominant within the 
CTAB- protein complex, but between the complexes, the hydrophobic interaction 
becomes dominant. At low concentrations of CTAB (from 0.005 mM to 0.05 mM), the 
positively charged heads of monomeric CTAB bind with negatively charged regions of 
the protein molecules and exposes the hydrophobic tails of CTAB molecules to the 
exterior.  However, the interaction between the CTAB tail and the aqueous environment 
is disfavored.  The exposed hydrophobic tails aggregate to avoid the interaction with 
aqueous solvent and lower the free energy of the system. As concentrations go higher, the 
aggregations become greater. Thus, a stronger destabilizing effect is observed at higher 
CTAB concentrations. Repulsion between the negative charges can also be expected and 
the aggregation interactions can be weakened, however, the electrostatic repulsion may 
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be much weaker than the hydrophobic interactions between the proteins so the 
destabilizing effect will dominate. It is also possible that some monomers penetrate their 
hydrophobic tails into the protein hydrophobic core to lower the free energy of the 
system, which can severely disrupt the protein structure. At the concentrations of 0.5 mM 
and 1 mM, aggregation was observed even at room temperature.  
As the CTAB concentration further increases to the cmc, the CTAB micelle forms.  
The micelle shields the hydrophobic tails of the CTAB monomer and attenuates the 
hydrophobic aggregations among the CTAB- protein complexes and the hydrophobic 
penetration into the protein cores, and contributes a less destabilizing effect. At the cmc, 
the negatively charged sites on proteins are bound to CTAB micelles instead of CTAB 
monomers. However, the CTAB micelle hides the hydrophobic tails and exposes the 
hydrophilic and positively charged heads on the surface. The electrostatic repulsion 
between positively charged complexes and the favorable interaction between hydrophilic 
heads of CTAB and the aqueous environment are exhibited. In this way, the protein 
structure is protected against high temperature-induced aggregation. 
An interesting phenomenon observed is that the protein solubility is maintained even 
at 100 oC.  Besides the rationale suggested previously, a strong stabilizing effect can also 
result from the micelle structure formed, which can enclose the unfolded proteins inside 
the micelle core driven by the hydrophobic interactions. Therefore, the unfolded proteins 
are locked up in the confined space and the aggregation and precipitation can be limited.  
 
ANIONIC SDS. Both positive and negative effects on thermostability of pepper leaf 
protein were induced by SDS in our experiment. Vermeer and Norde (2000) selected 
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SDS/Tween 20 to treat immunoglobulin G, whose molecular size is relatively larger than 
the surfactant molecule. A transition effect was observed on protein thermostability with 
the cut-off concentration much lower than the cmc detected. Vermeer and Norde (2000) 
interpreted the phenomenon as a dominance shift between the electrostatic interactions 
and hydrophobic interactions of the detergent-protein complexes, which also would 
explain our results well. The head of SDS monomers bind with the hydrophilic surface of 
proteins, exposing the hydrophobic tail of SDS out of the protein. Also, the positively 
charged area of the proteins can be neutralized by binding to the negatively charged SDS 
heads. Therefore, the protein- SDS monomer complex with a negatively charged 
hydrophobic surface is established. Driven by the dominant hydrophobic interactions, the 
exposed hydrophobic surface is favored to aggregate in order to lower the free energy in 
aqueous system. Some monomers could also penetrate their hydrophobic tails into the 
protein hydrophobic core, which can severely disrupt the protein structure. However, the 
electrostatic interactions will be predominant once the hydrophilic sites of the protein are 
saturated by the addition of SDS. The aggregation can be attenuated by the electrostatic 
repulsions as we observed at concentrations of 0.15 mM and 0.20 mM. Under the 
limitation of the positively charged sites, the more SDS that is added, the more dominant 
the repulsion forces will be, which is a possible explanation for the continually increasing 
thermostability as the concentration increases. Within the concentration range from 0.20 
mM to 0.35 mM, the stabilizing effect observed can also be attributed to an SDS 
monomer layer accumulating on the surface of the protein molecule, limiting its 
unfolding space by a confined environment. The locking effect is so strong that the 
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precipitation was observed first at 11 ºC higher than the control treatment, and the 
solution remained clear at 90 ºC in the research of Vermeer and Norde (2000).  
The transition concentration around 0.15 mM and 0.30 mM is much lower than the 
cmc at 2 mM, which indicates that the interaction between SDS and pepper leaf proteins 
is strong and  the micelle structure formed among SDS molecules are not as dominant as 
observed in SDS and individual protein systems. However, the conclusion drawn by 
Vermeer and Norde (2000) also takes the appropriate size ratio of protein molecule to 
SDS molecule, the number of electrostatic binding sites on the surface of the protein and 
the ratio of SDS hydrophobic tail to the hydrodynamic radius of IgG into consideration. 
Although the proteins tested in our experiment are a mixture, which represents the 
average property of the pepper leaf protein and is more complex than the single IgG, the 
explanation is also sound in our case. 
Similar with that of CTAB, the electrostatic interaction is dominant within the SDS 
monomer- protein complex, and the hydrophobic interaction is dominant between the 
complexes at low concentrations. However, the transition induced by SDS starts at 
concentrations much lower than the cmc. The close relationship between micelle 
formation and stabilization cannot be interpreted in the same way as for CTAB. The 
mechanism can include a stronger interaction between the SDS monomer and pepper leaf 
proteins than that with CTAB. Binding of the negatively charged SDS can saturate the 
positive charges on the surface of proteins before the formation of SDS micelles. The 
negative charges will accumulate on the surface of proteins and the overall charges of the 
SDS-protein complex can be dominantly negative.  The stabilizing effect results from the 
induced electrostatic repelling forces. As the concentration goes higher, SDS micelles 
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form and the unfolding proteins are locked in the micelle structures and aggregation is 
inhibited. It is likely that negative charges on the surface of the pepper leaf proteins are 
denser than positive charges, which makes it difficult to neutralize by addition of the 
cationic detergents. Therefore, the electrostatic repulsion cannot be induced by CTAB 
concentrations lower than the cmc. 
 
NONIONIC TWEEN 20. For the non-ionic detergent Tween 20, there are no charges on 
the head of the monomer. Only hydrophobic interactions can be induced, including 
interactions between the hydrophobic tails of the detergent and the protein core, as well 
as the interactions between the hydrophilic head of the detergents and protein surfaces. 
The stabilizing effect that was observed at the low concentrations is likely due to the 
insertion of the hydrophobic tails of monomer Tween 20 into the protein cores and the 
exposure of the hydrophilic head outside the protein.  An expanded difference in 
hydrophilicity between the protein surface and the core is induced. Therefore, the 
hydrophobic force that maintains the structure of the protein is increased and the loss in 
solubility under high temperatures is attenuated.  
Tween 20 monomers can also bind with unfolded protein structures. As a result, the 
inside exposed hydrophobic sites of the protein can be shielded, and therefore the 
aggregation among unfolded proteins can be attenuated.  
However, the stabilizing effect introduced by Tween 20 is relatively limited 
compared with that of cationic CTAB and anionic SDS. One possible explanation is the 
electrostatic repulsive forces that strongly benefit maintenance of solubility under adverse 
environmental factors cannot be established by the non-ionic Tween 20.  
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Following on the stabilizing effect was a dominant destabilizing effect at higher 
Tween 20 concentrations. The explanation may be the saturation of the interior space of 
the protein molecule by the detergent insertion. When no more Tween 20 monomers can 
be loaded inside a protein, the preferred conformation is to leave the hydrophobic tails of 
the Tween 20 monomer outside the protein molecule with the head binding to the 
hydrophilic surface of the protein. The exposure of hydrophobic tails is 
thermodynamically disfavored, which drives the aggregation between the Tween 20-
protein complexes. The more free Tween 20 monomers added to the system, the greater 
is the destabilizing effect. 
It is noticeable that the destabilizing effect became no more severe when micelles 
formed at 1 mM Tween 20. Different from the interactions with Tween 20 monomers, 
micelles shield the hydrophobic tails from exposure to proteins and result in attenuated 
hydrophobic aggregation. However, due to the saturation of the protein interior space, as 
well as the less available Tween 20 tails, no more stabilizing hydrophobic forces can be 
induced by the tail insertion of Tween 20. As a result, the transformation from the 
monomeric Tween 20 to micelles inhibits further destabilization of proteins but cannot 
add a stabilizing effect. 
 
ZWITTERIONIC CHAPS. For the zwitterionic detergent CHAPS, there are both 
positive and negative charges on the head of the monomer. As a member of the ionic 
detergents, the interaction between CHAPS monomers and protein molecules consists of 
both hydrophobic interactions and electrostatic interactions. However, different from 
either anionic or cationic detergents, both positive and negative charges are present and 
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both positive and negative charges on the surface of proteins can be neutralized, which 
means no repulsive forces between protein molecules are induced by the addition of 
CHAPS. Therefore, although the electrostatic interactions can be strong between the 
charged head of CHAPS and proteins, the solubility of pepper leaf proteins do not benefit 
significantly from electrostatic repulsions. As opposed to Tween 20, the significant 
stabilizing effect was observed with CHAPS. Although at low concentrations of CHAPS, 
the solubility of pepper leaf proteins can be barely protected from the high temperature 
unfolding, the destabilizing effect induced by high concentrations of CHAPS is much 
more dominant. The mechanism may involve the charges on the head of the CHAPS 
monomer, which inhibit the insertion of the hydrophobic tail into the hydrophobic core of 
the protein. Accumulation of the hydrophobic monomers at the exterior of the protein can 
only introduce aggregation between protein molecules. Therefore, neither electrostatic 
repulsion nor hydrophobic interaction can be established to benefit maintenance of 
solubility.  
The destabilizing effect of CHAPS is predominant as concentration increases. The 
mechanism may involve accumulation of CHAPS at the exterior of the protein by charge-
charge interactions and hydrophilic interactions between the hydrophilic heads and the 
hydrophilic surfaces of the protein. The hydrophobic tails of the CHAPS monomer 
exposed outside the protein molecules interact directly with the aqueous surroundings, 
which is thermodynamically unfavorable to binding. The aggregation between the 
CHAPS- protein complexes is induced spontaneously and loss of protein solubility will 
be observed.  
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An interesting phenomenon is that the destabilizing effects were less severe when 
micelles formed. The interpretation of the interactions between the CHAPS monomers 
and proteins is clear. CHAPS micelles shield the hydrophobic tails of CHAPS outside 
proteins, but have no influences on the charges of the CHAPS head. In other words, the 
electrostatic repulsion fails to be established, but the hydrophobic aggregation is 
attenuated. As a result, the transformation from monomeric CHAPS to micelles inhibits 
further destabilization of proteins induced by hydrophobic aggregations, but cannot 
stabilize proteins by electrostatic repulsion.  
 
THE GENERALITY OF PROTEIN-DETERGENT INTERACTIONS. The 
relationship between the interaction and effect is complicated. The same interaction can 
result in different effects. For example, the nonionic detergent Tween 20, which can only 
induce hydrophobic interactions, also exhibits the dual response of stabilizing effect and 
destabilizing effect on pepper leaf proteins. At low concentrations, the hydrophobic 
interaction contributes to the maintenance of the protein hydrophilic surface and 
hydrophobic core structure by inserting into the protein molecules. As the concentration 
increases, the extra Tween20 monomers accumulate at the exterior of the protein 
molecules, inducing the aggregation and destabilization of the proteins. Also, the same 
effect on thermostability of pepper leaf proteins can be resulted from different 
interactions. For example, both the low dose of Tween20 and high concentration of 
CTAB stabilize the pepper leaf proteins. The mechanisms behind are obviously different.  
The relationship between the thermostability effect and micelle formation is 
different. For CTAB, the micelle is concluded to be highly related to the stabilization of 
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the protein structures by confining the unfolding and aggregation space. However, for 
SDS, the electrostatic repulsion contributes more to the stabilization effect. The 
contribution of micelle structures is very limited.  
 
SOLUBILITY AND ACTIVITY. It is impressive that the solubility of the pepper leaf 
proteins can be maintained even high as 100 oC by the high dose of CTAB. However, the 
enzymes activity cannot be maintained in that extreme condition. We can conclude that 
the solubility based thermostability and the activity based thermostability are not in 
agreement, which is different from the catalase under different pH environments.  
 
COMPARISON OF THE SOLUBILITY MAINTENANCE BY PH AND 
DETERGENT. The electrostatic repulsion is a factor that maintains the solubility of 
proteins under adversary environmental factors treatments as we discussed in chapter 2. 
The solubility of the pepper leaf protein can be maintained by 6 oC with the 0.5 unit of 
increase in pH. However, the solubility can be much better maintained by comprehensive 
stabilizing factors such as the detergent we tested in chapter 4. Compared with the 
stabilizing effect induced by the detergent such as the cationic CTAB, the solubility can 
still be maintained even at 100oC. The rationale can be interpreted as the comprehensive 
interactions between the detergent and protein molecules which include the micelle 
confining, hydrophobic interactions as well as the electrostatic repulsions. 
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CHAPTER V 
 
 
CONCLUSION 
 
The effects of cosolvents on protein thermostability varied with different cosolvents, 
and with the same cosolvent at different concentrations. Reciprocal effects between 
cosolvents were based primarily on hydrophobic interactions, electrostatic interactions 
and micellar effects. 
Hydrophobic/hydrophilic interactions are involved in both stabilization and 
destabilization of pepper leaf proteins by cosolvents. Chemical chaperone-induced 
stabilization of proteins is attributed to strengthening of the hydration layer on protein 
surfaces rather than direct binding to protein molecules. The polarity/hydrophilicity of the 
chemical chaperone determines its ability to strengthen the hydration layers. Similar 
polarities between different classes of chemical chaperones yielded equivalent and 
additive stabilizing effects. Hydrophobic and amphipathic molecules can destabilize 
proteins as discussed in chapter four. Detergent monomers expose their hydrophobic tails 
at the exterior of proteins when polar head groups bind to hydrophilic protein surfaces. 
The accumulation of hydrophobic tails is disfavored in aqueous environments and 
contributes to aggregation of the protein-detergent complex.  
Another key property of cosolvents is charge. Chapter two demonstrated that pH has 
significant effects on both solubility and activity of proteins. At pH 6.5, protein surfaces 
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had more negative charges and a stronger repulsion force against high temperature 
aggregation than at pH 6.0. Chapter four suggested that changing protein surface charges 
by binding ionic detergents can induce electrostatic repulsions, by which protein 
solubility can be maintained. 
Cosolvents, including detergents, can form specific structures such as micelles. The 
micelle shields the hydrophobic tails of detergent molecules and forms a confined space 
to limit aggregation of unfolded structures. Micellar effects on protein thermostability 
are, in part, a function of the nature of the detergent’s polar head group. A strong 
stabilizing effect on protein molecules was observed at CTAB concentrations higher than 
cmc. For Tween 20 and CHAPS, destabilization reached maxima at the concentrations 
micelles started to form. 
Since various interactions can be involved in a single system, the primary interaction 
can shift when the system is altered, making interpretation and prediction a challenge. As 
discussed in chapter four, pepper leaf proteins were destabilized by hydrophobic 
aggregation induced by CTAB monomers. As CTAB concentration increased, micellar 
effects dominated the interactions and stabilized proteins against high temperature 
aggregation. Hydrophobic interactions also destabilized proteins at low concentrations of 
SDS, while electrostatic repulsions stabilized proteins at higher SDS concentrations. 
However, the relationship was more complex since the transition from destabilization to 
stabilization occurred at sub-micellar SDS concentrations.
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